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Abstract
Hybrid inorganic/organic systems offer the possibility of combining the advantages of both ma-
terial classes such as high carrier mobilities in inorganic semiconductors and large light-matter
interaction in organic ones. In order to benefit from these heterostructures, a thorough under-
standing of the processes at the interface is needed. Two occurring processes, that are looked
at in this thesis, are non-radiative Förster resonance energy transfer (FRET) and excited-state
charge transfer.
FRET is studied between a single InGaN/GaN quantum well and the polymer Cn-ether
PPV. Despite the large internal electric fields in the quantum well, efficient FRET is possible
as long as other non-radiative decay channels are suppressed. This is shown by temperature-
dependent PL and PLE spectroscopy. At low temperatures of 30 K, a transfer efficiency of
0.46 is obtained from time-resolved PL measurements. PLE spectra clearly demonstrate an
enhanced light emission from the acceptor. At elevated temperatures, non-radiative decay
pathways become dominant.
Excited-state charge transfer is studied on MoS2 in combination with the molecule H2Pc.
Monolayer MoS2 is a promising candidate for ultra-thin opto-electronic devices. The com-
bination with molecules has the prospect to further extend its functionality. Photoelectron
spectroscopy (PES) reveals a type II energy level alignment at the MoS2/H2Pc interface. Ex-
cited electrons are transferred from H2Pc to MoS2 which is deduced from a shortening of the
H2Pc PL decay time. Photocurrent action spectra show that the transferred electrons are not
lost at the interface, but contribute to an enhanced photoconductivity.
Additionally to the MoS2 hybrid samples, bare 2D transition-metal dichalcogenides (TM-
DCs) are studied. In order to fabricate high-quality TMDC monolayers, a physical vapour
deposition method was developed in-house. The grown monolayers are characterised by op-
tical spectroscopy. The versatility of the method is demonstrated by the growth of Mo1−xWxS2
alloys and TaS2/MoS2 layered thin films with atomically sharp interfaces. The influence of the
substrate dielectric function is investigated by comparing band-gaps measured by PES with the
exciton transition energies obtained by reflectance measurements. An almost equal reduction
in both energies with the substrate dielectric constant is seen.

Zusammenfassung
Hybride Systeme, bestehend aus anorganischen und organischen Materialien, eröffnen die Mög-
lichkeit deren individuelle Vorteile zu kombinieren. Diese sind u.a. eine hohe elektronische Mo-
bilität in anorganischen und starke Licht-Materie-Wechselwirkung in organischen Halbleitern.
Ein sinnvoller Nutzen der hybriden Systeme setzt ein umfassendes Verständnis der Prozesse
an der Grenzfläche voraus. Zwei solcher Prozesse, die in dieser Arbeit behandelt werden, sind
nicht-strahlender Förster-Resonanzenergietransfer (FRET) und Ladungstransfer im angeregten
Zustand.
FRET wird zwischen einem InGaN/GaN Quantengraben und dem Polymer Cn-ether PPV
untersucht. Es wird festgestellt, dass trotz des hohen internen elektrischen Feldes im Quanten-
graben effizienter Energietransfer möglich ist, solange andere nicht-strahlende Zerfallsprozesse
unterdrückt werden. Dies wird mittels temperaturabhängiger PL und PLE Spektroskopie
gezeigt. Eine Transfereffizienz von 0.46 ergibt sich aus zeitlich aufgelösten PL Messungen bei
30 K. PLE demonstriert zudem eine eindeutige Erhöhung der Lichtemission des Akzeptors.
Bei höheren Temperaturen dominieren im Gegensatz dazu nicht-strahlende Zerfallskanäle.
Ladungstransfer im angeregten Zustand wird an einem System aus MoS2 und dem Molekül
H2Pc untersucht. MoS2 als Monolage ist ein aussichtsreicher Kandidat für ultra-dünne op-
toelektronische Bauelemente. Die Kombination mit organischen Molekülen verspricht deren
Funktionalität zu erweitern. Photoelektronenspektroskopie (PES) deckt einen Typ-II Het-
eroübergang an der MoS2/H2Pc Grenzfläche auf. Aus einer Verkürzung der PL Zerfallszeit des
H2Pc wird gefolgert, dass angeregte Elektronen von den H2Pc Molekülen in die MoS2 Monolage
übergehen. Photostrommessungen demonstrieren zudem, dass die transferierten Elektronen zu
einer erhöhten Photoleitfähigkeit im MoS2 beitragen.
Zusätzlich zu der hybriden Struktur werden auch einzelne zwei-dimensionale Übergangs-
metall Dichalkogenide (TMDCs) untersucht. Um TMDCs von hoher Qualität herzustellen,
wird eine intern entwickelte Methode der physikalischen Gasphasenabscheidung vorgestellt.
Mittels PL Spektroskopie werden die so hergestellten Schichten charakterisiert. Die Viel-
seitigkeit der Methode wird anhand des Wachstums von Mo1−xWxS2 Mischkristallen, sowie
TaS2/MoS2 Heterostrukturen dargelegt. Der Einfluss der dielektrischen Funktion des Sub-
strates auf die TMDC Bandlücke und die Bindungsenergie der Exzitonen wird erforscht. Durch
die Kombination von PES und Reflexionsmessungen kann eine gleichzeitige Abnahme sowohl
der Bandlücke als auch der Bindungsenergie gezeigt werden.
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Comprehension of electronic processes at the interface is key to design or improve any het-
erostructure device functionality. Or as the Nobel prize laureate Herbert Krömer put it: [...]
it may be said that the interface is the device [1]. Under a heterostructure one understands
the combination of two or more dissimilar materials and the interface is where they spatially
meet. More precisely, the materials under question are typically inorganic semiconductors.
Nowadays, it is common to find an example of such a heterostructure in everyday life when
turning on the room light or the television screen. These white light emitting diodes (LEDs) are
made up, for example, of heterostructures of the III-V semiconductor compounds aluminium
(AlN), gallium (GaN) and indium nitride (InN). Other applications of heterostructures are
found in telecommunication, optical sensors and solid state laser diodes [2]. On the other
hand, organic small molecules and polymers are also widely researched and used for lighting or
photovoltaic applications so that when turning on the television screen it might actually be an
organic LED display. Instead of having inorganic and organic structures separately they can
also be merged and the term heterostructure needs to be expanded to hybrid inorganic/organic
systems (HIOS). The advantages of inorganic semiconductors are their high crystalline purity,
large charge carrier mobility and efficient carrier injection. Organic semiconductors, on the
other hand, offer better mechanical flexibility, can obtain higher optical absorption and emis-
sion cross-sections and are more easily chemically modified to change their electrical and optical
properties. Combining inorganic and organic semiconductors is hence aiming at preserving the
advantages of both material classes while compensating for individual drawbacks.
Of course, precise understanding of the interface is also needed in HIOS. Many studies
have already been devoted to understanding different hybrid systems including zinc oxide,
gallium nitride, gallium arsenide, transition metal dichalcogenides, silicon etc. to name only a
few inorganic counterparts [3–12]. These studies lay the foundation for further investigations.
Although the details in the individual studies differ, two main goals can be generally extracted.
The first aim is to accumulate electron-hole pairs in one material by transfer from the other
one thereby enhancing light emission. The second aim is to separate electron and hole at
the interface and creating free charge carriers which can be used in light harvesting or sensor
applications. Both aims are looked at within this thesis. Given the vast number of inorganic
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and organic compounds, two inorganic semiconductor classes were chosen for the presented
studies, namely bulk and two-dimensional semiconductors.
In this respect, the thesis is subdivided into three main parts. Chapter 3 and 5 cover the topic
of hybrid inorganic/organic interfaces using an example of either one of the aforementioned two
semiconductor classes in combination with organic molecules. Chapter 4 is entirely devoted
to the inorganic class of two-dimensional transition metal dichalcogenides. Among others,
it discusses topics relevant for the understanding of chapter 5 so that it precedes the HIOS
chapter. Each chapter is based on results obtained during the course of this doctorate which
are already published in peer-reviewed journals. Additionally, a more detailed view on the
individual studies as well as some additional data is presented in order to deepen the discussion.
Each chapter is introduced with the fundamentals necessary to understand the topic and an
overview over existing literature. Subsequently, the experimental results will be presented and
discussed which is followed by a conclusion. The thesis is finalised with a more general outlook
on the three individual chapters in chapter 6. A short overview over the chapters three to five
is given in the following.
The first semiconductor system - presented in chapter 3 - is a quantum well consisting of
InGaN within GaN barriers. GaN and its alloys with InN are the basis of blue light emitting
diodes. Usually, the blue LED radiatively pumps a phosphor that is used as colour converter
to achieve white light emission. By bringing the active part of the LED within a distance of
a few nanometres to the colour converter, it is possible to make use of non-radiative Förster-
like resonance energy transfer (FRET). Efficient FRET was shown for ZnO in combination
with small molecules [4, 5] and was also investigated for InGaN/GaN quantum wells [8, 9].
Although FRET was already studied with InGaN/GaN, it was not demonstrated that the
excitons drained from the quantum well also lead to an enhancement in the emission of the
acceptor. Additionally, large internal electric fields exist in InGaN/GaN quantum well struc-
tures reducing the FRET rate [13]. If these fields cannot be avoided, the question arising here
is if FRET is still a useful alternative to the radiative colour conversion in conventional white
LEDs. Both of these issues are tackled in the thesis by investigating FRET from a single In-
GaN/GaN quantum well to a PPV-derivative polymer called Cn-ether PPV. It is shown that
despite large electric fields on the order of MV/cm, efficient FRET is still possible. Moreover, it
is demonstrated that the emission of Cn-ether PPV is enhanced as compared to pure radiative
excitation.
Chapter 4 covers the second inorganic semiconductor class, the so-called two-dimensional
transition-metal dichalcogenides (TMDCs). Similar to graphene, a carbon sheet of only one
atom thickness, these TMDCs can be thinned down to one monolayer. In their pristine form
they do not possess any dangling bonds and are therefore chemically inert. This makes them
2
interesting candidates to investigate interface phenomena. From a technological point of view,
they possess strong light-matter coupling and large charge carrier mobilities making them
useful for sensor and transistor applications. The understanding of hybrid interfaces firstly
requires knowledge of the TMDC itself and its interaction with the substrate. Therefore, a
novel growth method for TMDC monolayers is presented together with their optical properties.
The growth of Mo1−xWxS2 and MoS2/TaS2 heterostructures highlights the versatility of the
growth method. The influence of the substrate and its dielectric function on the energetics of
the two TMDCs MoS2 and WSe2 is discussed. An almost equal decrease in exciton binding
energy and energy gap can be seen in dependence of the dielectric constant of the substrate
which is complimentary, but consistent with other experimental and theoretical work found in
literature [14–16].
The combination of TMDCs with organic molecules is discussed in chapter 5. The study
presented in this part focuses on the charge transfer and separation at the hybrid MoS2/H2Pc
interface. This is different from the case of the hybrid InGaN/Cn-ether PPV system where
exciton accumulation in the polymer was desired. MoS2 is a widely used semiconducting TMDC
and H2Pc is a small organic molecule of the family of the phthalocyanines used in organic
photovoltaics. Although some insight in the charge transfer process at hybrid TMDC/organic
interfaces can be found in literature, open questions remain [17–20]. The energy level alignment
is not investigated in detail so far. Additionally, the process of charge transfer itself, as well as
the possible use of the transferred charges, need to be elaborated. These issues are tackled for
the example of an MoS2/H2Pc photoconductor. It is found that the two materials form a type
II heterostructure. Excited state electron transfer from H2Pc to MoS2 leads to an enhancement
in MoS2 photoconductivity resulting in an extended spectral sensitivity.
The main method used to examine energy and charge transfer phenomena at hybrid inter-
faces in this thesis is optical spectroscopy. Time-integrated and -resolved photoluminescence
measurements were performed and analysed on reference and hybrid samples. Measuring pho-
toluminescence in dependence of temperature allowed for investigating non-radiative decay
channels. These methods were combined with transmission electron microscopy, photoelec-
tron, Raman and photocurrent spectroscopy in order to obtain a comprehensive view of the
studied system. The following chapter will therefore firstly present the experimental methods
and analysis before discussing the results.
3

2 Experimental methods and analysis
This chapter introduces the experimental methods and analysis used in this thesis. The focus
of the presented topics lay on the preparation of the organic counterpart in the hybrid samples
as well as the optical characterisation of reference and hybrid samples. The preparation by
spin coating, organic molecular beam deposition (OMBD) and the transfer of transition metal
dichalcogenides (TMDC) as well as the optical experiments such as UV-Vis, time-integrated
and -resolved photoluminescence (PL) and differential reflectance spectroscopy (DRS), which
were performed by the author, will therefore be presented in some detail. A comprehensive
picture of hybrid samples, however, relies also on other’s peoples input as well as experimental
techniques and analysis. Since the conclusions drawn in this thesis are also based on this
work, an overview of these other techniques will be given. They include: transmission electron
microscopy (TEM), photoelectron spectroscopy (PES), Raman spectroscopy and Photocurrent
action spectroscopy (PAS). The growth of TMDC monolayers performed by Dr. Sergey Sadofev
will be discussed in more detail chapter 4.
2.1 Sample preparation and characterisation
Two preparation methods for the fabrication of nanometre-thin organic films are given in this
section, namely spin coating and OMBD. The technique of atomic force microscopy (AFM)
was used to characterise the thickness and morphology of the prepared films. Additionally,
transfer of TMDC monolayers from their growth substrate to the desired substrate was done
based on a wet-transfer method. Both methods, AFM and TMDC transfer, are also detailed
in the following paragraphs.
2.1.1 Spin coating
Spin coating is a vastly applied and easy-to-use method to obtain thin and homogeneous films
from solution. The material under investigation is dissolved in an appropriate solvent such
as water, ethanol, toluene, etc. This solution is dropped onto a rotating substrate. The film
thickness depends on the rotation speed and the concentration of the solution. In this thesis,
films of the polymers Cn-ether PPV (chapter 3), Polystyrene (chapter 5) and a BCB-based
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polymer (chapter 5) were fabricated by this method. Cn-ether PPV was dissolved in toluene
at a concentration of 1.0 mg/ml and left stirring over night to ensure that it was dissolved
properly. Thin films were prepared on sapphire substrates or InGaN/GaN by spin coating
under nitrogen atmosphere in a glove box. For a 5 nm thick film of Cn-ether PPV 10 µl were
spun at 4800 rpm for 60 seconds. Polystyrene was used as a supporting polymer for water-
assisted transfer of TMDC monolayers. Typically, a rotation speed of 3000 rpm for 60 seconds
was used to obtain a good result in the transfer for a PS concentration of 90 mg/ml. The
BCB-based polymer was obtained by diluting cyclotene 3022-35 (Dow-Chemicals) with two
parts mesitylene. This mixture was spin coated at 500 rpm for 10 s and 5000 rpm for 120 s to
obtain a 170 nm thick film. Subsequently the film was annealed at 270 °C for 10 minutes in a
nitrogen filled glovebox.
2.1.2 Organic molecular beam deposition
Vacuum sublimation of small organic molecules and the fabrication of molecular films can be
done by OMBD. The molecules are placed in a ceramic crucible in a vacuum chamber evacuated
to ∼ 10−8 mbar. Heating the crucible will lead to the sublimation of the small molecules at
a certain temperature. Molecular flux control is given by the temperature. The molecules
will impinge on a substrate where they can form crystalline or amorphous films. Two shutters
separate the molecule reservoir and the growth substrate. Shadow masks can be introduced in
front of the substrate to prevent desired areas from being covered with molecules. In such a
way, reference and hybrid organic/inorganic regions can be investigated on the same sample.
A quartz crystal microbalance (QCM) is used to monitor the growth rate and thickness of the
molecular film. Its measuring principle is as follows: Quartz can be brought into oscillations by
applying an alternating electric field. The resonance frequency is dependent on the thickness
of the quartz crystal and a change in the frequency can be put into relation with a change in
the mass of the QCM. If molecules are deposited onto the substrate, they are also deposited
on the QCM allowing to extract the growth rate [21]. A calibration measurement needs to
be performed for each material to determine the desired thickness which is stored in the so-
called tooling factor. Transfer from the evacuated growth chamber to a glove box filled with
nitrogen is possible in the OMBD system used here without contact with ambient air. For this,
a transfer cart can be attached to the load lock with the as-prepared sample. Subsequently,
the sample is transferred into the glove box. This is important since contact with oxygen and
water present in ambient air can lead to a degradation or alteration of the properties of the
molecular film.
During the course of this thesis two molecules were evaporated using the OMBD sys-
tem: Metal-free phthalocyanine (H2Pc) and 2,7-Bis[9,9-di(4-methylphenyl)-fluoren-2-yl]-9,9-
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di(4-methylphenyl)fluorene (TDAF) which were both used in conjunction with TMDCs. H2Pc
was evaporated at a temperature of 265 °C resulting in a rate of 3.5 Å/min. The tooling
factor was determined to be 111 % by growing a 15 nm thick layer of H2Pc and measuring its
thickness in AFM. For TDAF a rate of 3.5 Å/min was used at a temperature of 257 °C with a
tooling factor of 133 %. The substrate was kept at room temperature and the pressure during
growth was always below 3 · 10−8 mbar.
2.1.3 Atomic force microscopy
AFM was used within this thesis as a tool to determine the thickness and morphology of thin
organic films and TMDCs. Figure 2.1 displays schematically the working principle. A cantilever
with a microscopically sharp tip is scanned over the sample. When in proximity to a surface,
the cantilever is subject to a force leading the cantilever to bend, similar to a springboard.
This force depends on the distance of the tip to the surface which is repulsive close to and
attractive farther away from the surface and modelled with a Lennard-Jones potential [22]. At
every point, a laser beam is focussed on the cantilever and reflected onto a sensor to track its
deformation. In this way, a parameter can be measured as the input for a feedback loop and






Figure 2.1: Sketch of the working principle of an AFM. Adapted from [22].
be the force on the cantilever so that the distance between sample and tip is kept constant
(contact mode). A more commonly used mode is tapping mode in which the cantilever is
driven close to its resonance frequency. The force acting on the cantilever will lead to a shift in
this frequency. In turn, the shift leads to a change in the amplitude of the driven oscillation.
This is used as the input parameter for the feedback loop to control the piezo. Tapping mode
is less demanding on the tip and the sample since the average distance of the tip is larger
than in contact mode and the time at short distances is much smaller. In this thesis a Bruker
AFM (Bruker Dimension Icon) was used with the so-called Peak Force Tapping mode in which
the cantilever oscillates well below its resonance frequency. The force on the tip is measured
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by the deformation of the cantilever and the maximum repulsive force is kept constant. The
advantage of this mode is that the maximum repulsive force is reduced from ∼1 nN to 10 pN
[23].
2.1.4 Pulsed thermal deposition of TMDCs
The fabrication of monolayer TMDCs is typically done either by mechanical exfoliation, chem-
ical vapour deposition (CVD) or physical vapour deposition (PVD). In order to fabricate
TMDCs in-house, a novel PVD method was developed and applied by Dr. Sergey Sadofev
using a metal wire and chalcogen powder as the precursors. The current sent through the
metal wire leads to the sublimation of metal which is sufficient to produce TMDC mono- and
multilayers by simultaneously evaporating chalcogen. Since the fabrication process and the
TMDC characterisation is an integral part of the thesis, the details of this PVD method are
given in chapter 4.
2.1.5 TMDC transfer
TMDC monolayers are usually grown on sapphire or quartz substrates. To transfer the mono-
layers onto a different substrate or device, some processes have been developed, as documented
in literature [24]. Mainly two routes can be distinguished. They differ whether the process
does or does not involve a solvent. In the dry transfer process, polydimethylsiloxane (PDMS),
or Poly-methyl methacrylate (PMMA), is usually used as a stamp to peel away the TMDC
monolayer [25]. In the wet transfer method, one makes use of the larger hydrophobicity of the
TMDCs compared to the growth substrate [26]. Water penetrates between the TMDC and the
substrate, thereby separating the two. The monolayer floats on water and can be picked up
with the desired substrate. Within the studies here, water assisted transfer of MoS2 was used
and will be presented in the following.
The workflow is shown in figure 2.2. In general, a supporting layer is not needed to float
off the MoS2 [25], but the monolayer tends to fall apart after lift-off except for a few cases
tested in this thesis. Thus, MoS2 on its substrate was covered with a layer of polystyrene (PS)
by spin coating as supporting layer. Afterwards, the edges and the back side of the substrate
were cleaned with a q-tip soaked in toluene followed by annealing at 90 °C for 15 minutes. A
water droplet is brought into contact with the substrate/MoS2/PS-stack and the MoS2/PS is
floated off the substrate. The old substrate can then be removed and a new one placed below
the floating MoS2/PS. After positioning, residual water is removed with a pipette and a clean
tissue. Afterwards the whole stack is annealed again at 80 °C for 1 hour and subsequently at
150 °C for 30 min. PS is washed away by dipping and rinsing with warm toluene. Finally, the
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Polystyrene


















III  Positioning of MoS2 monolayer coated with PS 
      in water on new substrate
IV  MoS2 on new substrate
Figure 2.2: Steps involved in the water-assisted transfer of MoS2.
transferred sample is dried with nitrogen.
2.2 Absorbance, photoluminescence and reflectance
measurements
In the following, methods for the optical characterisation of organic films, TMDC monolayers
and hybrid structures by absorption, PL and DR spectroscopy are presented.
2.2.1 UV-Vis-NIR absorption spectroscopy
Knowledge of the absorption spectrum is a crucial step in understanding the excited states of
a material. Insight can be gained with a so-called UV-Vis(-NIR) spectrometer. Its name stems
from the spectral range that is covered, i.e. from the ultraviolet (UV) over the visible (Vis) to
the near-infrared (NIR) electromagnetic spectrum. The accessible spectral range depends on
the spectrometer used. Here, absorbance spectra were acquired with a UV-2101PC (Shimadzu)
and a Lambda UV-Vis-NIR (Perkin Elmer) spectrometer. The UV-2101PC has a spectral range
from around 5 eV to 1.4 eV while the Lambda UV-Vis-NIR can be used to monitor spectra
also within the near-infrared spectrum up to ∼0.4 eV. In a typical measurement, absorption is
not measured directly, but the transmittance of a sample. The light intensity IT transmitted
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through a material is reduced by absorption as given by the Lambert-Beer law I(d) = I0e−αd.
Here, I(d) is the light intensity after travelling a distance d in the material. I0 is the impinging
light intensity and α is the absorption coefficient. Additionally, IT is reduced by reflection
and scattering. Then, the absorbance A of a thin film is defined as A = −log( ITI0 ). This
is what is usually measured in a UV-Vis spectrometer as long as no integrating sphere is
used that additionally collects the reflected and scattered light. I0 is conveniently measured
simultaneously. The light beam from the excitation source, usually a halogen or deuterium
lamp, is split into two beams with the same intensity. One is sent through the sample, the
other one through a reference, for example the bare substrate. Both beams are then registered
by a detector.
2.2.2 PL emission and excitation spectroscopy
After the absorption of light, the material is in an electronically excited state which can decay
radiatively, i.e. under the emission of photons. This process is called photoluminescence since
the excitation is done by light. In a typical PL spectrum, the excitation energy is held constant
and the emission is detected over a certain energy range. The emitted light can be dispersed
by a prism, but mostly gratings are used. A grating diffracts the light so that each energy
shows constructive interference only at certain angles. By varying the angle of incidence, the
light energy can be selected by a slit and detected with a photomultiplier tube or a charge-
coupled device (CCD) where each pixel column serves as slit and detector. When detecting
the emission only at a certain energy and the excitation energy is scanned, one speaks of
PL excitation (PLE) spectroscopy. PLE is a useful technique since it shows which excitation
energy leads to the emission under investigation. Put differently, it shows which excited states
‘feed’ the emissive species. Usually, PLE spectra resemble absorption spectra. This can be
seen from the PL intensity
IPL(Eem) ∝ ηI0(Eexc)(1− e−α(Eexc)d) ≈ ηI0(Eexc)α(Eexc)d , (2.1)
so that IPL(Eem)I0(Eexc) ∝ α(Eexc). Here, η is the PL quantum yield, i.e. the probability of a
radiative decay to happen, E{em,exc} is the emission and excitation energy, respectively. The
approximation holds for αd << 1 [27]. This gives the possibility of obtaining absorption
spectra also for samples where transmission cannot be measured. On the other hand, PLE
can also serve to detect transfer processes in heterogeneous material combinations, like hybrid
inorganic/organic systems (HIOS). For example, energy transfer from material one to material
two can lead to an absorption feature of material one in the PLE spectrum of material two.
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2.2.3 Time-correlated single photon counting and multichannel scaling
The aforementioned PL and PLE spectra are typically acquired under continuous excitation so
that no insight into the excited state dynamics is given. Different techniques exist for capturing
such information. The one applied here is time-resolved PL spectroscopy with the methods
called time-correlated single photon counting (TCSPC) and multichannel scaling (MCS). De-
pending on the decay time, either TCSPC or MCS is used. For fluorescence, i.e. decay times
in the ps to µs range, TCSPC is applicable while for longer decays (phosphorescence) MCS is
worked with. Both methods use a pulsed excitation source. In TCSPC, the excitation pulse
gives a trigger signal as a starting point and the time is counted until an emitted photon is
registered. If a photon is detected, the time correlated to this photon is stored in a histo-
gram. After many of these measurements the decay curve is formed. Limitations are given
by the measurement electronics. On average, much less than one photon per excitation pulse
(∼5 %) needs to be detected. Otherwise, photons arriving slightly after the photon whose
time was marked - but before the next excitation pulse - will not be registered in a new time
slot. Therefore, the decay will appear faster than it actually is since ‘later’ photons will not
contribute to the decay curve. MCS works similar but with the difference that all the counts
from the detector are stored within a certain time window after the excitation trigger. These
time-channels are swept consecutively. The downside is that the time-resolution is given by
the time-channel width which is in the ns range.
PL decay transients (I(t)) are fitted by convoluting a model function (Exp(t)) with the
measured instrument response function (IRF (t)) [28]. In this thesis only exponential decays




IRF (t′)Exp(t− t′)dt′ . (2.2)
The IRF gives the time resolution of the overall experimental setup, i.e. detector, excitation
source, optical components, etc. and is usually measured by detecting at the excitation energy.
For a model function consisting of more than one exponential, the average lifetime was taken





2.2.4 Differential reflectance spectroscopy
DRS is a useful tool to determine the complex dielectric function ϵ = ϵ1 + iϵ2 of a thin film on
a substrate. One measures the change in reflectance between a system with and without the
thin film. The DR signal is defined as: DRS = R(d)−R0R0 . R(d) is the measured reflectance of
the thin film of thickness d on top of a substrate. R0 is the reference reflectance of the bare
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substrate. DRS can be employed for example in situ during the growth of organic molecules
[29] or it can be used to determine absorption spectra for films on non-transparent substrates.
It is useful to measure for TMDCs, since often one deals with µm-sized flakes so that normal
UV-Vis spectroscopy is not possible [30]. On transparent and non-interacting substrates; while














Here, ϵtmdc and ϵsub are the complex dielectric functions of the TMDC monolayer and the
substrate. ntmdc and κtmdc are the refractive index and extinction coefficient of the TMDC
whereas the complex refractive index ñ is given as
√
ϵ = ñ = n + iκ. nsub is the refractive
index of the substrate. The last approximation is valid as long as the substrate has a negli-
gible absorption in the spectral region under investigation. The above is an approximation of
the reflectivity of a three-layer system, i.e. air, thin film and substrate, derived for a plane
electromagnetic wave utilising the Fresnel equations [32]. For a system which consists of more
than three layers it is necessary to go back to the full expression of the reflectivity. This can
be done by modelling ϵtmdc with Lorentz-oscillators. It follows for the real (ϵ1) and imaginary
(ϵ2) part of each oscillator [33]:








(ω20 − ω2)2 + 4ω2γ2
,
(2.4)
whereas ω0 is the resonance frequency of the oscillator, γ is the damping and β = e2N/(m0ϵ0ω20)
is the oscillator strength which is a measure of the probability of the transition to occur. In its
definition, N is the dipole density, m0 and e are the electron mass and elementary charge and
ϵ0 is the vacuum permittivity. ϵ∞ is the background dielectric constant at frequencies much
larger than the resonance frequencies of the oscillators. In the analysis, it is summarised in the
real part of one oscillator. If the complex dielectric functions of the substrate layers are known,
one can calculate the total reflection using the transfer matrix formalism. The characteristic













The propagation of the electromagnetic wave is described by the product of the characteristic
matrices of each layer. The total reflection coefficient is related to the entries mk,l of the overall
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propagation matrix by:
r =
(m1,1 +m1,2nl̃)n0̃ − (m2,1 +m2,2nl̃)
(m1,1 +m1,2nl̃)n0̃ + (m2,1 +m2,2nl̃)
, (2.6)
with nl̃ and n0̃ the complex refractive index of the last and first layer, respectively. In such
a way one can fit the measured DR spectrum to the calculated one with ϵ∞, ω0, γ and β as
fitting parameters for each oscillator.
2.2.5 Macro-PL setup
PL and PLE as well as time-resolved PL measurements on the InGaN/Cn-ether PPV HIOS
(chapter 3) were done with the FLS980 setup from Edinburgh Instruments. This instrument
is a scanning PL spectrometer which allows for cooling and measuring time-integrated and
-resolved PL. The time range spans from a few hundred ps up to ten seconds, depending on
the excitation source. For time-integrated PL and PLE spectra, a continuous Xe-lamp is used.
The wavelength is selected by a double monochromator. A glass plate reflects a small part of
the excitation light onto a reference detector that is used for PLE measurements as I0 and for
correcting intensity fluctuations. The sample can be mounted in a closed-cycle helium (He)
cryostat where it can be cooled down to around 25 K. Emitted light is dispersed by another
monochromator and the light is detected by a photomultiplier tube. Other detector options are
a microchannel plate (MCP) photomultiplier used for TCSPC since it shows faster response
times and an NIR detector. PL decay transients can be measured either with interchangeable
laser diodes for short decays in the 100 ps to 100 ns range by the TCSPC method or with a Xe-
flash lamp for decays slower than ≈ 25 µs using MCS. The wavelength is then selected by the
same monochromator system as for time-integrated PL. Cooling down was done by evacuating
the cryostat to ∼ 10−2 mbar. To ensure good thermal contact, a thin piece of aluminium foil
was introduced between the holder and the sample and slight mechanical pressure was applied
by the sample holder lid. The temperature was measured at the holder. At each temperature
step, 5-10 minutes were waited in order to equilibrate the sample with the holder temperature.
2.2.6 Micro-PL setup
Additionally to the macro-PL setup described above, a micro-PL setup was used (figure 2.3). It
consists of a microscope objective focusing the excitation light onto the sample. The excitation
beam has a full-width at half maximum (FWHM) diameter of 1 µm for a 100x and 3 µm for a
20x objective, thereby setting the limit of lateral resolution. Four different excitation sources
are available and can be selected by folding mirrors. A continuous wave (CW) laserdiode
emitting at 440 nm (LDM440, Omicron Laserage), two CW/pulsed laserdiodes, emitting at
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Figure 2.3: Schematic of the micro-PL setup.
561 nm and 640 nm (LDH series, Picoquant), and a mode-locked Ti:sapphire laser (Mira,
Coherent). The Mira laser is tuneable between ∼700-950 nm and pumped by a laser emitting
at 532 nm (Verdi V18, Coherent). The output of the Ti:sapphire laser is frequency doubled
to match the absorption of the samples. The temporal FWHM of the laserdiodes is 70-90
ps while the one from the Ti:sapphire laser is below 200 fs. The sample can be mounted
in a helium cooled cold-finger cryostat and measured under vacuum (∼ 5 · 10−5 mbar). The
emission is collected by the same objective as for excitation and dispersed in a spectrograph
(Acton SpectraPro 2500i). A liquid-nitrogen cooled CCD (Acton SPEC-10:100) can be used
for collecting time-integrated PL and an MCP detector (Hamamatsu R3908) for recording
PL decay curves. Light from the excitation is blocked by an appropriate long pass filter. A
stabilised white light tungsten-halogen lamp (SLS201L, Thorlabs) is available in addition to
the lasers. It is used together with a removable camera to identify TMDC monolayers and to
measure DR spectra.
2.3 Transmission electron microscopy
Electron microscopy is a technique that uses electrons instead of light to construct an image.
The electron’s momentum p corresponds to a de Broglie wavelength of λ = h/p where h is
Planck’s constant. Electrons can be accelerated in a static electric field so that after passing
through that field p =
√︁
2eV m0 + (eV/c)2. Here, V the potential difference, m0 and e the
electron rest mass and charge and c is the speed of light. Within this thesis, a transmission
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electron microscope (TEM) was employed. It uses the transmitted electrons through a specimen
for the image formation. Here, a value of V = 200 kV was used for the TEM images resulting
in λ = 2.5 pm [35]. With the theoretical diffraction limited resolution of a microscope given by
∆x ≈ 0.61λ/NA (NA is the numerical aperture) it becomes apparent that much smaller objects
can be resolved in an electron microscope than in a light microscope for which λ ≈ 500 nm.
The theoretical limit is lowered by imperfections of the electron lenses and lies at ∼ 0.2nm for
the TEM used for the images presented within this thesis (TEM/STEM JEOL JEM2200FS).
But it can also reach atomic resolution nowadays. Samples must be thin (∼ 100 nm) since
electrons need to be transmitted through the specimen. This was done for the samples used
here by sawing, lapping, mechanical polishing and Ar-ion milling. Energy-dispersive X-ray
spectroscopy (EDXS) was used for the determination of the elemental distribution. In EDXS,
the core electrons of the atoms building up the sample are excited by the impinging electron
beam. The excited electron leaves a hole that can be filled by an electron of a higher energy
shell. This will lead to the emission of X-rays whose energy is characteristic for a specific
element and can thus be used to determine the elemental distribution of a sample.
TEM measurements were performed and analysed by Dr. H. Kirmse in the Structural
Research and Electron microscopy group led by Prof. C. Koch.
2.4 Photoelectron spectroscopy
Photoelectron spectroscopy (PES) is a technique that allows determining the electronic struc-
ture of valence- and core-level electrons. It makes use of the photoelectric effect. Monochro-
matic UV light (UPS) of a few tens of eV or X-ray (XPS) radiation (∼ 1 keV) is used to probe
the valence and core-level structure, respectively. The process of electron emission is usually
described in a three-step process. Firstly, the photon is absorbed and creates an excited elec-
tron. Secondly, the electron travels to the sample surface where, as a third step, it is emitted
into the vacuum [36]. The electrons emitted from the sample have a certain kinetic energy
which is detected, for example, by a hemispherical electron energy analyser. If the electrons
are only elastically scattered in the second step, then the measured kinetic energy is related
to the photon energy ℏω by Ekin = ℏω − EB − Φs + (Φs − Φdet). Here, Φs and Φdet is the
sample and detector workfunction, respectively and EB is the binding energy of the electron
referenced to Φs. Sample and analyser are electrically connected so that they exhibit a common
Fermi level. Inelastically scattered electrons contribute to a broad background which cuts-off
at the energy related to electrons that have Ekin = 0 just after emission into the vacuum.
This so-called secondary electron cut-off (SECO) contains direct information of Φs when Φdet
is known or calibrated with a metal of known workfunction [37]. A negative voltage is thus
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applied to the analyser in order to collect these electrons. The electron momentum parallel to
the sample surface is conserved during the photoemission process. It is related to Ekin and
the emission angle normal to the surface Θ by k∥ =
√
2m0Ekin
ℏ sinΘ. So, by measuring Ekin in
dependence of Θ, one can determine the electronic band dispersion as done in angle-resolved
PES. UPS measures the occupied valence electron states. To gain insight into the unoccupied
states close to the Fermi level, inverse photoelectron spectroscopy (IPES) is applied. Electrons
are sent onto the sample where they can relax to a lower lying state under the emission of light
of a certain energy related to the energy of unoccupied electron states above the Fermi level.
Within this thesis, UPS was performed with a He-discharge lamp (21.2 eV) and XPS with
a Mg X-ray anode emitting at 1253.6 eV at a Phoibos-100 spectrometer or a JEOL JPS-0930
with the Al Kα-line (1486.6 eV). IPES and UPS were measured also angle-resolved to probe
the Γ- and K- point of monolayer TMDCs. Details can be found in [38, 39].
PES measurements were performed and analysed by Dr. S. Park and Dr. T. Schultz in the
Supramolecular Systems group led by Prof. N. Koch.
2.5 Raman spectroscopy
Raman spectroscopy is used to probe vibrational modes of molecules or atoms in the solid






Figure 2.4: Sketch of the principle of Raman scattering with vib denoting the vibrational level
and ℏω is the energy of the exciting laser. Redrawn after [40].
energy ℏω. When relaxing back, it can occur that the system is left in a vibrational state of
the ground state. The light emitted in the relaxation process is hence shifted by the energy of
the vibrational state compared to the excitation laser, i.e. ℏωem = ℏω − ℏωvib. On the other
hand, the system might already be in a vibrational state before excitation and relax into the
ground state after it was excited. This will lead to a shift of the emission to higher energies:
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ℏωem = ℏω+ℏωvib. These two processes are called Stokes and anti-Stokes scattering while the
elastic process is termed Rayleigh scattering [40]. A sharp cut-off filter blocks the excitation
light ℏω since the Raman emission is much weaker than the elastically scattered laser light. In
this thesis, the Raman spectra were obtained with an XploRA Raman microscope from Horiba
with an excitation energy of 2.33 eV.
Raman spectra were recorded and analysed by Dr. N. Severin in the group Physik von
Makromolekülen led by Prof. J. Rabe.
2.6 Photocurrent action spectroscopy
In photo current action spectroscopy (PAS), the current of a photodetector is measured in de-
pendence of the energy and intensity of the incident illumination. Absorbed light will generate
electron-hole pairs that can dissociate into free carriers, for example, by an external or internal
bias. Therefore, they can contribute to an increase in current. In first approximation, the
photocurrent will be proportional to the absorption of the active region of the photodetector
and linear in the excitation light intensity [2]. Within this thesis, PA spectra were acquired
by exciting with a tungsten/halogen lamp (Spectral Products ASBN-W 150F-L). Wavelength
selection was done with a dual grating monochromator (Digikröm CM110). The excitation
light was modulated by a chopper and the photocurrent was pre-amplified (Femto, DLPCA
200) and measured with a Lock-in amplifier (Perkin 7265 DSP). The light intensity was < 0.1
mW/cm2.
PAS measurements were done and analysed by Dr. S. Dalgleish in collaboration with the
group of Prof. L. Reissig at the FU Berlin.
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3 FRET between an InGaN/GaN quantum
well and the polymer Cn-ether PPV
The following chapter is based on the publication Energy Transfer between Cyano-Ether PPV
and InGaN/GaN Quantum Wells with Large Piezoelectric Fields [41] by N. Mutz, H. Kirmse,
C. T. Koch, E. J. W. List-Kratochvil and S. Blumstengel. The author wrote the manuscript,
conducted and analysed all the experiments except STEM and EDXS. These were performed and
analysed by H. Kirmse and C. T. Koch. Band structure calculations were done by the author
using the free 1D Poisson and Schrödinger solver by Gregory Snider [42]. E. List-Kratochvil,
S. Blumstengel and N. Mutz planned the experiments and interpreted the data. All authors
contributed to the final manuscript. Additionally to the data presented in the publication, more
details are given on the PL properties of the individual constituents and the derivation of the
transfer efficiencies.
This chapter focuses on Förster resonance energy transfer (FRET) from a planar inorganic
single InGaN quantum well (QW), embedded in GaN, to the organic polymer Cn-ether PPV.
The two components are chosen under the aspect of using the technologically and economically
relevant class of GaN-materials as the inorganic part of the hybrid system. GaN and its alloys
AlGaN and InGaN find widespread application in solid state lighting as light-emitting diodes.
The combination with an organic counterpart to form the hybrid inorganic/organic system
(HIOS) therefore enables the implementation into an existing industrial design. In reality,
modern LEDs consist of several layers including the emission layer and p- and n-doped regions
which sandwich the emission layer. For FRET to be active and efficient, the emission layer of
the LED must be separated from the organic acceptor layer only by a few nanometres. This
can either be achieved by a thin capping layer or by structuring the existing LED into pillars
with the emissive layer being exposed. Both methods are challenging to realise. In the case
of the thin capping layer, it needs to be doped to allow the formation of the p-n junction and
still be of acceptable quality to minimise surface related defects and enable current flow. The
etching of already existing LEDs into pillars circumvents this challenge, but is not easily done.
Additionally, the etching can induce damage to the active area, the acceptor material has to
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be deposited on the sidewalls of the pillars and more elaborate ways of electrical contacting
are needed. As a third possibility, the organic acceptor can be incorporated monolithically in
the p-n diode which can be done, for example for ZnO [43], but is not possible for GaN due to
its high growth temperatures.
Despite these challenges, fundamental research was already devoted to the demonstration
and understanding of FRET in the first two of the above described systems. FRET was
investigated from planar GaN-based QWs either to inorganic nanocrystals [44, 45] or organic
polymers [8–10, 46]. Structured QWs, on the other hand, were used in [47, 48]. Also, attempts
were made to incorporate the FRET scheme into electrically driven LEDs as a means of colour
down-conversion to achieve white light emission [47, 49, 50]. Although the cited work showed
that FRET is feasible in these systems, by mainly observing a shortening of the QW decay
time, it was not concerned with the enhanced light emission from the acceptor layer. A higher
external quantum efficiency in the combined system, compared to purely radiative excitation of
the colour converter, is required for the FRET scheme to be effectively implemented. On a more
physical level, the high internal electric fields in c-plane GaN - stemming from spontaneous and
piezoelectric polarisation - might hinder efficient FRET. Due to these fields, the wavefunction
overlap between electron and hole is reduced influencing the FRET rate. This issue was raised
by Itskos et al. [13]
Both of these concerns are looked at in this chapter. A single planar InGaN/GaN QW served
as the donor and Cn-ether PPV, a derivative of poly(p-phenylene vinylene) (PPV), as the
acceptor. The commercially purchased QW possessed high internal electric fields, on the order
of MV/cm. Still, efficient FRET is observed at cryogenic temperatures. An enhancement of
the Cn-ether PPV light emission is found in PL excitation (PLE) experiments when compared
to a purely radiative process. The competition between the different decay channels in the QW
is monitored by following the temperature dependence of the FRET rate. From around 130
K on, the decay of the excited states is dominated by non-radiative transitions, beating the
radiative and FRET channels in the examined system. These findings highlight the advantages
of FRET as a means of efficient colour conversion while it also shows the requirements set to
the quality of the QW donor.
Next, it follows a description of the organic and inorganic components, their properties and
fundamental interactions required for understanding the experimental findings. The subsequent
section covers the experimental results and their discussion. The last part gives a summary of




This section is started with a short introduction to the class of GaN materials focusing on the
internal electrical field. The concept of calculating the energy bands of the InGaN/GaN single
quantum well using the Schrödinger and Poisson equation is shortly summarised. Furthermore,
the influence of the electric field on the quantum well excitons is highlighted. Subsequently,
the organic counterpart - Cn-ether PPV - is discussed followed by a short review regarding
Förster-like resonance energy transfer.
3.1.1 Gallium Nitride
Gallium nitride (GaN) is a III-V semiconductor compound which can be grouped together with
the other III-nitride semiconductors aluminium nitride (AlN) and indium nitride (InN). All
three semiconductors have a direct band gap with gap energies of 0.78 eV for InN, 3.44 eV for
GaN and 6.13 eV for AlN [51, 52]. Furthermore, it is possible to tune the band gap in this class
of materials by forming ternary and quaternary alloys. Type I heterostructures can be formed,
enabling the design of quantum wells where charge carriers are accumulated. Together with the
possibility of p- and n-doping the III-nitrides, they form the basis of efficient blue to ultraviolet
light emitting diodes, with nowadays reaching the green colour spectrum. This achievement was
awarded the Nobel-prize in 2014. Interestingly, GaN-materials and in particular InGaN/GaN
QWs show a high density of structural imperfections, like threading dislocations on the order
of 108−109 cm−2 [51, 53]. In spite of this high value as compared to, for example, red-emitting
LEDs which have an around three orders of magnitude lower dislocation density, LEDs based
on GaN still show a surprisingly high efficiency [54]. This observation is attributed to the small
carrier mean-free path caused by strong carrier localisation [55–58].
The III-nitride semiconductors crystallise in zinc-blende or wurtzite structure where the
wurtzite structure is found at room temperature. The structure is shown in figure 3.1 together
with the band gap energies of the three materials over their lattice constants. It can be seen
that the in-plane lattice constant for GaN and AlN are similar, while it differs by more than
10 % for InN and GaN when grown in the direction of the c-lattice vector. As a consequence,
the growth of InN/GaN heterostructures is accompanied by strain that leads to a piezoelectric
polarisation. Additionally, the non-centrosymmetric nature of the Wurtzite crystal lattice
gives rise to spontaneous polarisation. Both polarisations will induce charges resulting in high
internal electric fields on the order of a few hundred kV/cm up to a few MV/cm [60]. In
InGaN/GaN QWs, these electric fields lead to a tilting of the valence and conduction band. As
a consequence, electron-hole pairs in the QW will be spatially separated. Correspondingly, the
wavefunction overlap between electron and hole is reduced leading to a smaller probability for
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Figure 3.1: (a) Wurtzite crystal structure of GaN (from [59]). (b) The band gap energy of the
III-nitrides in comparison to the respective in-plane lattice constant (values taken
from [51]).
radiative recombination. Electron and hole are shifted in energy in opposite directions resulting
in an overall red-shift of the optical transition. This phenomenon is termed Quantum-confined
Stark effect (QCSE) and shown in figure 3.2.
The polarisation charges can be calculated for InxGa1−xN as follows [61]:
P spInxGa1−xN = −0.042x− 0.034(1− x) + 0.038x(1− x) ,
P pzInxGa1−xN = x(−1.373b+ 7.599b
2) + (1− x)(−0.918b+ 9.541b2) ,
(3.1)
whereas b(x) = [asubs − a(x)]/a(x) is the basal strain. Therein, asubs is the in-plane lattice
constant of the substrate and a(x) = (0.31986 + 0.03862x) nm for InxGa1−xN. From these
polarisation charges one can obtain the sheet charges at the GaN/InGaN interface via σsheet =






InGaN )]/e with e the electron charge.
If the material parameters and the interface charges of the quantum well are known, its energy
levels as well as electron and hole wavefunctions can be calculated. For this, the Schrödinger
and Poisson equations have to be solved self-consistently. Here, the procedure by Tan et al. is
cited [62]. The time-independent Schrödinger equation for one electron with the wavefunction












ψ(x) + V (x)ψ(x) = Eψ(x) . (3.2)
Here, m∗(x) is the electron effective mass, V (x) the potential and E the energy. Since the
potential V (x) depends on the electron distribution n(x) through the electrostatic potential
ϕ(x), the Schrödinger equation is coupled to the Poisson equation:
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Figure 3.2: Effect of the polarisation fields on the band structure of an InGaN/GaN quantum
well. The electric fields lead to a tilting of the conduction and valence band resulting
in a decrease in transition energy and a reduced wavefunction overlap. For the













with ϵ the dielectric constant, ϵ0 is the vacuum permittivity and ND the concentration of
ionised donors. Therefore, equation 3.2 and 3.3 need to be solved iteratively. In the present
study this was done by using the numerical software provided by Gregory L. Snider [42].
3.1.2 Cn-ether-PPV
The polymer poly[oxa-1,4-phenylene-1,2-(1-cyano)-ethenylene-2,5-dioctyloxy-1,4-phenylene-1,2-
(2-cyano)-ethenylene-1,4-phenylene] (Cn-ether PPV) was chosen in this study as acceptor since
its absorption spectrally overlaps with the emission of the InGaN/GaN QW used here. This is
a prerequisite for Förster-like resonance energy transfer as will be discussed in the next part.
Its relatively high photoluminescence (PL) quantum yield (45%) in the solid state makes it
furthermore an interesting counterpart for the QW. For low PL quantum yield (QY), the trans-
ferred excitons would otherwise be lost non-radiatively in the acceptor. Additionally, Cn-eth
PPV shows good solubility in organic solvents making it possible to easily spin coat thin films
from solution on top of GaN.
Cn-ether PPV is a derivative of poly(p-phenylene vinylene) (PPV). PPV was a promising
candidate as emitter in polymer-based organic light emitting diodes. In 1990, electrolumines-
cence was shown for a PPV based device [63]. PPV itself is insoluble, therefore, side-chains
were introduced, for example in the so-called MEH-PPV (Poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylene vinylene]). The introduction of cyano-groups at the vinylene units (Cn-PPV)
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Figure 3.3: Three different derivatives of PPV. The structure of Cn-PPV is the one given by
[69]. The PPV investigated in this thesis is depicted as the third derivative, Cn-
ether PPV. The cyano and ether groups are highlighted in blue and red, respectively.
increases the electron affinity, making it possible to use more stable electrodes like aluminium
instead of calcium as cathode in an OLED structure [64, 65]. Segmenting PPV into distyrylben-
zene units by incorporating an ether group as the linker (Ether-PPV) led to a PPV derivative
which showed photoconductivity and high PL quantum yield [66, 67]. The combination of
both cyano groups and ether linkage promised an increased electron affinity together with a
high PL quantum yield and good solubility in organic solvents [68].
The lowest optical absorption in PPV is attributed to an excitation between occupied π- and
unoccupied π∗-orbitals with the generation of neutral excitons [70, 71]. Unlike in PPV, the
main contribution to the emission in Cn-PPV was found to be structureless and considerably
red-shifted, compared to measurements in solution [72–74]. In addition, its PL decay time was
observed to be longer in the film. This led to the conclusion that emission in Cn-PPV is mainly
due to an interchain excitation, instead of an intrachain exciton. Interestingly, Cn-PPV still
showed a high PL quantum yield of 0.35 compared to 0.27 for unsubstituted PPV in the film.
It was put forward that the polymer chains closely pack parallel in Cn-PPV with a calculated
distance of 3.4 Å to each other [75]. The small distance then leads to an increased emission
probability of the interchain species. Chasteen et al. investigated the difference between Cn-
PPV and Cn-ether PPV with the result that the optical properties of both PPV derivatives
are similar [69]. It was found that emission and absorption spectra of Cn-PPV and Cn-ether
PPV were comparable in solution but were blue-shifted in the ether linked PPV as compared
to Cn-PPV. This effect was attributed to the broken conjugation of the polymer backbone
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through the ether group. A long decay time of 14 ns was found in the film for the dominant
emission in Cn-ether PPV together with a shorter one of 6 ns. In conjunction with a measured
high PL quantum yield of 0.45 this led to the conclusion that the emission is stemming from
a dominant interchain excitation (longer decay time, 69 % contribution) with contribution of
an intrachain exciton (shorter decay time, 31 % contribution). The broken conjugation was
interpreted to hinder excitation migration to quenching sites making the small radiative decay
rate competitive to the, in this way, reduced non-radiative decay rate.
3.1.3 FRET
An excited species, such as an exciton, can transfer its energy to another species in its respective
ground state. The excited species is, therefore, called donor while the one in the ground state
is termed acceptor. An interaction between donor and acceptor needs to exist for this process
to happen. When considering the Hamilton operator of the donor-acceptor pair, this can be
written as:
Ĥ = ĤD + ĤA + V̂ DA , (3.4)
with ĤD and ĤA being the Hamilton operator of the isolated donor and acceptor, respectively,
and V̂ DA a small perturbation describing the coupling between donor and acceptor. The
donor is taken to be in the excited state while the acceptor is in the ground state. So far,
the description is equivalent to a coupled two-level system. In case that the interaction is an
oscillatory function, such as an electromagnetic field, the probability of finding one state in
its excited state and the other one in its ground state will oscillate between these two. This
is called coherent (or strong) coupling since the phase between the incident electric field and
the coupled states is preserved. Usually, the acceptor (and also the donor) does not have its
excited state at exactly one energy but it is spread around this value with a width of ∆E
around E0 = ℏω0 where ω0 is the transition frequency of the excited donor. This corresponds
to a situation of coupling between a discrete initial state and a quasi-continuum of final states.







ρ(EA = ED) , (3.5)
whereas ⟨ψ∗AψD|V̂ DA|ψAψ∗D⟩ is the transition matrix element from the initially excited donor
to the acceptor where the asterisk denotes the excited state. ρ(EA = ED) is the density of
states of the acceptor at the energy of the donor. In the limit that the width of the final
states ∆E is small compared to the coupling V , then an (exponentially damped) coherent
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coupling is recovered. In the opposite case, one speaks of incoherent (or weak) coupling. The
loss in coherence can, for instance, be caused by a statistical energy distribution or vibrational
coupling in the acceptor [76]. This will be the situation considered from now on.
Coming back to the specific case of an excited donor and an acceptor in its ground state,
we are looking at processes of the sort |ψAψ∗D⟩ → |ψ∗AψD⟩. In order to calculate the transfer
rate 3.5, the interaction VDA in the Hamilton operator 3.4 needs to be specified. For spatially
separated donor and acceptor with large distance between them, compared to the extension of








(cosΘDA − 3cosΘD cosΘA) . (3.6)
The derivation of this expression is based on the energy of a dipole in an electric field
U = −qAdA ·ED and the electric field produced by an electric dipole, ED = 3(qDdD·r0)r0−qDdD4πϵ0R3 .
qD, dD and qA, dA are the charge and the distance of the donor and acceptor dipole, respectively
[77]. r = r0R is the vector between donor and acceptor with the length R. The angles ΘDA,
ΘD and ΘA are as defined in figure 3.4 and give the relative orientation of the two dipoles
to one another. The above describes that the polarisation of the excited donor produces an
electric field that induces a polarisation in the acceptor, therefore lifting it to an excited state.






κ2ρ(EA = ED) , (3.7)
with the dipole moments of the donor and acceptor defined as µd = qD ⟨ψD| d̂D |ψ∗D⟩ and µa =
qA ⟨ψ∗A| d̂A |ψA⟩, respectively. As can be seen from the above equation, the transfer rate in this
approximation is proportional to the square of the dipole moments of the donor and acceptor,
their orientation and inversely proportional to the sixth power of the distance between donor
and acceptor. In the present study, an InGaN/GaN QW is used as the donor. As discussed
above, large internal electric fields can exist in these structures which will lead to a reduction of
the electron-hole wavefunction overlap and, thus, to a reduced µd [13]. Therefore, the FRET
rate will be reduced. Additionally, spectral overlap between donor emission and acceptor
absorption is required through the density of states ρ(EA = ED). This condition determines
that the donor emission needs to be overlapping with the acceptor absorption spectrum for




where ID(λ) is the normalised donor emission spectrum and ϵA(λ) is the molar extinction
coefficient of the acceptor [71]. The above relation was derived by Förster in 1948 and can be
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Figure 3.4: On the definition of the angles and vectors used in equation 3.6. D stands for the
donor while A represents the acceptor (after [71]).
correlated to measurable quantities [78]. Hence, this kind of transfer is called Förster resonance
energy transfer.
The restriction to an interaction of point dipoles is not always given. An extension to
different geometries, like a sheet of dipoles, and Wannier-Mott excitons instead of Frenkel
excitons, was given by Agranovich et al. [3, 79, 80]. The alterations made showed that
the distance dependence of the transfer rate was modified as well as a dependence on the
wavenumber of the Wannier-Mott exciton was found. Due to the localisation of excitons in the
InGaN QW at cryogenic temperatures, this situation is similar to studies with ZnO QWs where
a 1/R4-dependence of the FRET rate was found [4]. This corresponds to the interaction of a
point dipole with a planar sheet of acceptors. Finally, it is noted here, that at close separation
electrons can be exchanged between donor and acceptor, as worked out by Dexter [81]. The
transfer is again accompanied by an excitation of the acceptor through the donor. But its rate is
exponentially decaying with donor-acceptor separation, due to the requirement of wavefunction
overlap [71]. While Förster resonance energy transfer is active over a few nanometres, Dexter
transfer is only efficient at distances smaller than one nm. The InGaN/GaN QW investigated
has a GaN cap with 4 nm thickness so that Dexter transfer does not need to be considered
here.
3.2 Results and Discussion
In this section, the experimental results and analysis are presented. The first two subsections
are devoted to the characterisation of the two individual components while the combined hybrid
system is described in the third subsection.
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3.2.1 Quantum well structure
The used InGaN/GaN single quantum wells were commercially purchased from the company
Novagan and non-intentionally doped. To calculate the internal electric field and to confirm
a thin GaN capping layer, transmission electron microscope (TEM) analysis and electron dis-
persive X-ray spectroscopy (EDXS) was performed to obtain the geometrical parameters and
elemental distribution. The TEM cross section is shown in figure 3.5, together with the indium
and gallium distributions. Indium is restricted to the quantum well. Therefore, its thickness
can be determined as the region in which indium can be detected. The thickness is thus found
to be 4 ± 1 nm. The same thickness is extracted for the top GaN layer, verifying a short


















Figure 3.5: TEM scan and EDX spectroscopy of the single InGaN/GaN QW. The gallium and
indium content are displayed in blue and green, respectively. An indium content
of 0.07 was derived together with a top cap thickness and quantum well width of 4
nm each. Modified from [41].
Figure 3.6 shows the PL and PLE of the InGaN/GaN QW at a temperature of 30 K. At 30
K the PL spectrum is dominated by a single peak at 2.49 eV with phonon replica 90 meV lower
in energy corresponding to the longitudinal optical phonon energy [51]. A sharp increase of PL
intensity is observed at 3.49 eV in the PLE spectrum matching the GaN band gap energy. PL
emission for excitation energies lower than this correlate to selective absorption in the quantum
well. The QW absorption is broad and covers a range of about 500 meV. Additionally, the
Stokes shift of 300 meV between emission and absorption is very large. A correlation between
broad QW absorption together with increasing Stokes shift for increasing QW width is found
in literature [82, 83]. This can be explained by the localisation of electron and hole on different
sides of the QW.
The energy of the PL peak can be compared with the expected transition energy as extracted
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Figure 3.6: PL and PLE of a QW reference at 30 K. The LO phonon replica and the GaN band
edge are highlighted.
from the calculated energy band diagram. Extracting the QW composition can be done by
evaluating the Ga-Kα integrated intensities in the EDX spectra. The composition is found
to be In0.07Ga0.93N by looking at the intensities of the GaN-only region and the InGaN QW.
These parameters can be combined with literature values to calculate the energy band diagram
of the QW region [52, 84]. Figure 3.7 shows the results of solving the Schrödinger and Poisson
equation self-consistently. Using 3.1 and assuming fully relaxed GaN layers, an electric field of
316 kV/cm is deduced from the polarisation charges. An energy difference of 3.26 eV between
the lowest electron and hole states is found from the calculations. In addition to the polarisation
fields in the quantum well, there exists an electric field in the GaN surface depletion layer. The





≈ 220 nm , (3.8)
where ∆V is the potential drop from the surface to the bulk, ϵ = 10 is the dielectric constant
of GaN and ND = 1016 cm−3 is the donor concentration typical for unintentionally doped GaN
[51, 87]. ∆V = 0.45 eV was taken as the value for surface band-bending from experiments
[88]. Therefore, the surface depletion layer extends well above the QW region giving rise to
an electric field at the surface of Fdepl,surf = eNdw/ϵϵ0 ≈ 40 kV/cm. This value is still too
small to explain the difference between calculated and observed transition energies. Also, the
exciton binding energy (≈25 meV in GaN) and a Stokes shift on the order of 0.1 eV, typically
found in InGaN/GaN QWs, cannot explain this discrepancy [89, 90]. No unusual indium or
well width fluctuations were observed in TEM which would lead to locally smaller transition
energies.
In literature, usually an indium content of around 0.18 gives a similar PL response as seen in
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Figure 3.7: Calculated band diagram with the obtained values from TEM analysis. The trans-
ition energy is given by the arrow. No doping and relaxed GaN layers were assumed.
the present sample [82, 83]. Therefore, it is concluded that larger internal electric fields need
to exist in the InGaN/GaN quantum well, similar to the ones for higher indium content. The
estimation of the transition energy given above does not include any additional piezoelectric
contribution from the GaN capping layer. This is possibly caused by strained growth of GaN
on the InGaN slab. It also needs to be noted that Nd assumed here was not given by the
manufacturer leading to a level of uncertainty in Fdepl,surf . Already an unintentional donor
density of Nd = 1017 will give rise to an order of magnitude higher electric field in the depletion
layer while it still affects the near-surface quantum well. Since no insight in the growth process
of the QW is given, a more detailed picture of the origin of the unusually high internal electric
field with respect to the indium content cannot be given. From PL spectroscopy it can be
inferred that the total electric field in the QW needs to be around 1-2 MV/cm and is, most
likely, to a large extend owed to the close proximity of the QW to the surface in the studied
sample.
The electron-hole wavefunction overlap and, therefore, the probability to decay radiatively is
reduced as a consequence of the large internal electric field. In the optical spectra, this manifests
itself in a pronounced temperature dependence of the QW PL. At 30 K the PL spectrum is
dominated by a single peak at 2.49 eV (figure 3.8). When increasing the temperature, the
PL intensity of the QW emission drops significantly and already at 180 K almost no emission
stemming from the QW is observed any more. Instead, an emission related to defects becomes
the most dominant one at around 2.2 eV. At room temperature and under low excitation
intensity, the defect emission is the only one detectable. For higher excitation intensities the
defect emission saturates and the QW emission becomes visible. Since PLE measurements
were made under low excitation intensities, all other measurements were performed at these
conditions, restricting the accessible temperature range to lie between 30 K and 130 K. For
these low temperatures, the non-radiative decay rate is reduced and becomes small enough so
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Figure 3.8: (a) Temperature dependence of the PL signal. The defect emission around 2.2
eV becomes dominant at 180 K. The inset shows the integrated QW PL intensity
between 30 and 130 K normalised to the lowest temperature. (b) PL signal in
dependence on the excitation intensity at room temperature. Defect emission is
observable around 2.2 eV. The QW PL at 2.5 eV is visible for higher excitation
intensities only. The oscillations in this case are due to Fabry-Perot interferences.
that an optical signal stemming from the QW can be recorded.
A small radiative decay rate will also manifest itself in a long PL decay time at low tem-
peratures. This is shown in figure 3.9. The PL decay measured at the peak position is
non-exponential, which is typical for InGaN QWs and caused by carrier localisation [91]. To
determine an effective decay time, the transients were fitted with a three-exponential decay






Here, < τ > is the average decay time and I(t) is the PL decay. The QW shows a long
average PL decay time of 13.2± 0.7 µs at 30 K. A shortening of the PL decay time can be
observed for increasing temperatures with a decay time of 1.20± 0.08 µs at 130 K which is
depicted in the inset.
By assuming a quantum yield of ηQW (T = 30K) = 1 the radiative and non-radiative decay
rates can be determined relative to the temperature at 30 K. The PL quantum yield is defined
as the probability of a radiative transition from the excited to the ground state in comparison
to the sum of all transitions. The total probability of a decay to happen per unit time is
experimentally accessible in the form of the PL decay rate, i.e. the inverse of the measured PL
decay time.
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Figure 3.9: PL decay of the InGaN/GaN QW at 30 K. The emission was recorded at 2.49 eV
and the excitation energy was 3.76 eV. Plotted in the inset is the dependence of











Here, Γrad, Γnrad and Γtot are the radiative, non-radiative and total decay rate, respectively
while τrad and τnrad are the radiative and non-radiative decay times. The inset of figure 3.8(a)
depicts the integrated PL intensity in dependence of the temperature for the investigated QW.
With increasing temperature, non-radiative decay channels become active. In consequence, the
PL QY and therefore PL intensity drops significantly.
To summarise, the optical properties of the investigated QW are dominated by the large
internal electric field. Together with a relatively large QW thickness of 4 ± 1 nm, this mani-
fests itself in a large Stoke’s shift, long PL decay time and decreasing PL quantum yield with
increasing temperature. Since the FRET rate is proportional to the squared dipole matrix mo-
ment element of the donor species, a reduced electron-hole wavefunction overlap will influence
the FRET rate. This issue will be further elaborated in the remaining chapters.
3.2.2 Cn-ether PPV
Cn-ether PPV was received by the courtesy of H.-H. Hörhold and used as-is. For optical
measurements, the polymer was dissolved in toluene and spin coated onto a sapphire substrate
in a glovebox. Exposure to ambient air was kept to a minimum of around five minutes when
mounting the sample and evacuating the measurement cryostat for PL measurements. The
room temperature absorption and emission spectra of Cn-ether PPV as a thin film are shown
in figure 3.10(a). The absorption features two distinct peaks at 2.7 eV and 3.3 eV. The lower
transition corresponds to the vibrationally unresolved S1 ← S0. The spectra are comparable
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Figure 3.10: (a)PL and absorption (broken lighter orange line) and PL and PLE (dotted or-
ange) spectra of a thin Cn-ether PPV film on sapphire at room temperature and
30 K, respectively. The PL is peaked at 2.03 eV. (b) Temperature evolution of the
PL spectrum at 30, 80 and 140 K. The inset shows the integrated PL intensity
over the temperature, normalised to 30 K. The film thickness was 4–5 nm.
to literature for Cn-ether PPV which is similar to other PPV derivatives, like Cn-PPV or
MEH-PPV [69, 71, 72]. The PL spectrum peaks at 2.03 eV, is broad and does not show a
considerable structure. As mentioned in the earlier chapter 3.1.2, the emission is attributed to
be mainly due to an interchain excitation. An additional peak is observable at around 2.35 eV
and was interpreted by Yin et al. as the intrachain exciton [92]. Upon cooling to 30 K, the
overall PL intensity grows approximately two times as compared to room temperature. The
higher energy PL peak is seen to vanish. Otherwise, the spectrum at 30 K is very similar to the
room temperature spectrum without any signatures of vibronic progression. It is noted here
that also a red shift of 60 meV was observed for one sample in the low temperature PL which
might be caused by different aggregation in the film forming process. It is known for PPV
that the detailed optical properties, such as PL quantum yield, also depend on the preparation
conditions used when dissolving the polymer [70].
The PL decay cannot be modelled with a single exponential decay, as already established
in literature [69]. Two decay times of 2.7 ns (35 % weight) and 10.0 ns (65 %) were found
at room temperature. These values are smaller than the ones found by Chasteen et al which
might hint to a lower PL quantum yield caused by a different preparation method. At 30 K,
both times get larger by a factor of approximately two resulting in 4.3 ns and 20.8 ns for the
short and long decay component, respectively. This increase in decay time corresponds well
with the larger PL intensity at low temperature.
When looking at the PL excitation spectrum at 30 K in comparison to the room temperature
absorption, no significant difference is found. This is an indication that no substantial change
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in the optical transitions is introduced upon cooling. In the temperature range relevant for
measurements in combination with the InGaN/GaN QWs, i.e. between 30 K and 130 K, the
change in PL spectral shape and intensity is marginal. This temperature dependence of the
PL is displayed in figure 3.10(b). The integrated PL intensity at 130 K shows a slight decrease
to approximately 85 % of its value at 30 K. Such a temperature dependence can also be found
in other conjugated polymers [93].
3.2.3 Hybrid structure
In this section, the combination of the individual materials presented in the preceding sections
will be discussed. The sample structure of the hybrid system is shown in figure 3.11(a). Here,
the QW served as excitation donor, while the polymer Cn-ether PPV as acceptor. A thin film
of Cn-ether PPV was spin coated onto the single QW structure in the same way as the reference
sample. The film thickness was measured by atomic force microscopy (AFM) as depicted in
figure 3.11(b). A thin film of the acceptor is needed since only the polymer within a few nm
will be excited via FRET. Hence, a thickness of around 5 nm was chosen. This resulted in
homogeneous films and still provided a sufficiently small distance between donor and a large






































Figure 3.11: (a) Schematic image of the investigated hybrid structure. (b) AFM image with
height profile of a spin coated film of Cn-ether PPV on the InGaN/GaN QW
structure (adapted from [41]).
Figure 3.12 shows the PL and PLE spectra of the reference samples and the hybrid struc-
ture at 30 K in comparison. The spectral overlap between QW emission and Cn-ether PPV
absorption can be seen as the shaded region in panel (a). Both the emission of the QW at
2.49 eV and the Cn-ether PPV emission peaked at 1.97 eV are visible and well separated in
the PL spectrum of the hybrid sample. The green shaded region in figure 3.12(b) shows the
PLE measured at the QW emission in the hybrid sample and is unchanged compared to the
reference. More interesting is the PLE spectrum when recording the emission of Cn-ether PPV.
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Figure 3.12: (a) Reference PL and PLE of the QW (green) and a film of Cn-ether PPV (or-
ange) at T=30 K. The spectral overlap between QW emission and Cn-ether PPV
absorption is shaded. (b) PL and PLE of the hybrid sample. Both emissions are
visible and well-separated. The shaded regions show the individual PLE spectra.
The black arrow indicates the limit for pure radiative excitation of the Cn-ether
PPV as detailed in the text. The blue arrow is the actual measured value (adapted
from [41]).
The emission intensity does not only follow the absorption of Cn-ether PPV (orange shaded
region), but is also a superposition of the QW and GaN absorption. This can be most prom-
inently seen in the sharp increase of Cn-ether PPV emission intensity when exciting at 3.49
eV and above. This value corresponds to the GaN band gap energy at 30 K. Therefore, the
QW excites Cn-ether PPV which then leads to emission from the polymer. The excitation can
happen radiatively, in the sense of an emission and reabsorption process, or non-radiatively,
in the sense of Förster-like resonance energy transfer, or both. In the following, a qualitative
argument will be given that a simple radiative excitation alone cannot explain the PLE spectra
recorded, even for ηQW = 1. One can think of the QW as a lamp exciting the Cn-ether PPV
at 2.49 eV. For simplicity, it is assumed that the excitation energy is above the GaN band
gap (e.g. 3.75 eV as indicated by the arrows in 3.12) meaning that all the excitation light
is absorbed. The fraction of excitons generated in the QW is proportional to its absorption
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Figure 3.13: Illustration of the derivation of ηindirect. For the reference, IPLEPPV,ref , the appropri-
ately scaled PLE at T=140 K was taken since no PLE enhancement was observable
anymore at this temperature. The shaded region corresponds to the area of the
difference in PLE signal.
and approaches unity when exciting above the GaN band gap energy. The number of photons
emitted by the QW that can be absorbed by the Cn-ether PPV is much lower than the number
of photons in the lamp at any excitation energy. In more detail, the PLE spectrum measured
at the Cn-ether PPV emission (1.98 eV) can be expressed as follows [27]:
IPLEPPV,hybrid(E) =
IPL(E = 1.98eV )
I0(E)
. (3.11)
IPLEPPV,hybrid(E) represents the recorded PLE spectrum, I
PL(E = 1.98eV ) is the measured PL
intensity at the fixed emission energy of 1.98 eV and I0(E) is the intensity of the excitation
source in dependence of excitation energy. IPL can be separated into two contributions arising
from direct and indirect excitation through the lamp and the QW, respectively. In the linear
excitation regime, this can be written as:
IPL = I0ηPPV (APPV + ηindirectAQW ) . (3.12)
With ηPPV being the PL quantum yield of Cn-ether PPV, APPV and AQW the absorbed
fraction of excitation light of Cn-ether PPV and the excitons generated in the QW, respectively
and ηindirect the efficiency of the indirect excitation mechanism. Inserting 3.12 into equation








3.2 Results and Discussion
Here it was assumed that the excitation intensity I0 is the same for Cn-ether PPV and
the QW. With an absorption fraction of 0.05 in a 5 nm thick Cn-ether PPV film, this is
a reasonably good approximation. Additionally, the PL quantum yield is taken to be inde-
pendent of excitation energy which is generally the case [28] and ηPPV does not change in
the hybrid. This assumption is justified since almost no change of the PL decay time of
Cn-ether PPV is found when deposited on sapphire and GaN for an excitation energy be-
low the QW absorption (see further below figure 3.14 (b)). As mentioned earlier, the PLE
spectrum of Cn-ether PPV in the hybrid sample cannot be explained by radiative excitation
alone. To better estimate its contribution to the enhanced emission, ηindirect can be written
as ηindirect = ηQW ηoutAPPV (E = EQW ) for radiative excitation only. ηout is the outcoupling
efficiency of the QW PL. Due to the large difference in the index of refraction between Cn-
ether PPV and GaN (∼1.5 and 2.4, respectively), only a small portion of the emitted light
can be absorbed by Cn-ether PPV. For the resulting critical angle at the Cn-ether PPV/GaN
interface of 39° and isotropic QW emission, then ηindirect ≤ 0.2APPV (EQW ) even for ηQW = 1.
This limit is shown in figure 3.12 by the lower horizontal line. The measured intensity is much
higher as illustrated by the blue arrow. Charge transfer from the QW region to Cn-ether PPV
is excluded due to the barrier width of the GaN cap. Therefore, the main contribution to the
enhanced emission of Cn-ether PPV needs to stem from FRET.
Förster-like resonance energy transfer manifests itself in a shortening of the QW PL decay
time. The FRET rate can be viewed as an additional decay channel for the QW excitons. For
an otherwise unaltered decay rate of the donor in the hybrid system compared to the isolated
donor, the FRET rate can be extracted:














Figure 3.14(a) shows the PL decay transients measured at the QW emission in the reference
and the hybrid at 30 K. A faster decay is observed in the hybrid sample, as expected for
FRET. A FRET efficiency of ηFRET = 0.46± 0.08 is calculated from the decay times. Direct
comparison with the efficiency obtained from PLE is not possible since the quantum yield of
the QW, ηQW , is experimentally not accessible due to its low value at room temperature.
Nonetheless, both efficiencies derived through the two separate methods should show the
same temperature dependence if they origin from the same phenomenon. Consequently, tem-
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τrefavg = 13.2 µs
τhybavg = 7.1 µs
reference PPV
hybird PPV
τrefavg = 19.6 ns
τhybavg = 17.2 ns
Figure 3.14: (a) PL decay of the QW in the reference and in the hybrid at 30 K. A shortening
of the decay time can be observed. (b) PL transient of a thin film of Cn-ether
PPV on sapphire and on the InGaN/GaN QW. The excitation energy was 2.79
eV, i.e. probing the Cn-ether PPV selectively (modified from [41]).
perature dependent measurements were performed. Figure 3.15(a) depicts the evolution of the
PLE spectra of Cn-ether PPV in the hybrid sample with temperature. Evidently, a decrease
in PL emission is seen when indirectly exciting Cn-ether PPV, again most obviously seen for
excitation energies above the GaN gap energy. Conversely, insight into ηFRET (T ) as a function
of temperature is given by following the temperature behaviour of the QW PL decay. Figure
3.15(b) shows the relative ηindirect(T ) and ηFRET (T ) in comparison. The same trend is repro-
duced in both cases, i.e. a decrease of the derived efficiencies for increasing temperature. The
reason for this becomes more apparent when looking at the rates of the different contributions



















































Figure 3.15: (a) Evolution of the PLE signal in the hybrid measured at the Cn-ether PPV
emission as a function of temperature. (b) Comparison of the deduced transfer
efficiencies with the help of the PLE spectra (blue upwards pointing triangles) and
through time-resolved PL (violet downwards pointing triangles). ηindirect is given
in relative values and normalised to the maximum (modified from [41]).
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Figure 3.16: Comparison of the radiative, non-radiative and FRET rates calculated from time-
resolved measurements. The rates are given relative to a unity PL quantum yield
at 30 K. The seemingly increase in ΓFRET at 130 K is caused by the large error
in fitting the decay curves at this temperature (adapted from [41]).
The PL intensity of Cn-ether PPV is almost not affected by temperature in the measured
range in the reference on sapphire. This can also be seen in the PLE spectra of the hybrid
sample for direct excitation of Cn-ether PPV. Opposed to this behaviour is the decrease in QW
PL intensity with increasing temperature. As pointed out in section 3.2.1, the decrease of the
QW PL is caused by the increase of the non-radiative decay rate. Assuming ηQW (T = 30K) =
1 − ηFRET , one can compare the relative contribution between radiative, non-radiative and
FRET pathways. Corresponding rates can then be calculated relative to a temperature of 30
K. Figure 3.16 demonstrates the increase in non-radiative decay rate while the radiative one as
well as the FRET rate are not considerably affected in the measured temperature range. This
is expected as long as the temperature is low enough to ensure localisation of the QW excitons.
The relative value of Γrad and ΓFRET are comparable and higher than Γnrad for temperatures
lower than 90 K. By increasing the temperature, the non-radiative decay rate becomes larger
than the other ones. As a consequence, the majority of excitons generated in the QW decay
non-radiatively and are neither transferred to Cn-ether PPV nor decaying radiatively.
3.3 Summary and outlook
This chapter studied Förster-like resonance energy transfer from a single InGaN/GaN quantum
well to the polymer Cn-ether PPV. The optical properties of the QW were found to be dom-
inated by large internal electric fields, in the order of 1-2 MV/cm. Nonetheless, a FRET
efficiency of 0.46 was found at low temperatures using time-resolved PL measurements. PL
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Figure 3.17: Sketch illustrating the competition between the three different decay channels in
the QW. At low temperatures FRET and radiative decay dominate, leading to an
efficient excitation of the Cn-ether PPV. At higher temperatures, non-radiative
channels are most probable (adapted from [41]).
excitation spectroscopy showed that the acceptor, Cn-ether PPV, emitted more light as a con-
sequence of FRET than through a trivial radiative mechanism. These results highlight the
principle advantage of non-radiative colour conversion, since the external quantum efficiency is
not limited by the large difference in refractive index of the two materials. On the other hand,
the reduced wavefunction overlap of electrons and holes, due to the internal electric field, will
result in smaller rates both for the radiative and FRET process in a similar manner. This is
expected since both processes are to first order mediated by electric dipole coupling. As long
as non-radiative pathways are suppressed, FRET can be efficiently active. For the investigated
sample, non-radiative decay was suppressed by cooling it to cryogenic temperatures. When
increasing the temperature, the non-radiative rate became dominant over the FRET and radi-
ative rates. It is therefore crucial to circumvent these non-radiative decay channels, especially
for samples with large internal electric fields, which can in principal be done.
Nowadays, commercial white LEDs show a power conversion efficiency of ca. 0.4 - 0.5 [94].
This high value is dependent on the quantum yield of the LED and the colour converter, but
also on efficient light out-coupling from the GaN-based LED. A high out-coupling efficiency
can be achieved through additional refractive index matching layers or by nano-structuring
the LED surface [95]. The FRET conversion scheme bypasses this problem since the transfer
is non-radiative. Efficiency droop in LEDs is mentioned as a final outlook to this chapter.
By this, it is meant that the efficiency decreases when operating under high current densities.
Apart from an increase in device temperature, which leads to a decrease in efficiency, Auger
recombination is also believed to contribute to the droop [91, 96]. Under the assumption of a
competitive FRET rate, non-radiative energy transfer can lower the electron and hole density
without them being lost non-radiatively. It was shown theoretically that the transfer rate
grows with increasing charge carrier concentration in a ZnO/molecular system [97]. A similar
conclusion was drawn in an experiment using quantum-well nanorods and colloidal nanocrystals
[98]. Zhuang et al. investigated resonance energy transfer from InGaN/GaN nanorod LEDs to
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colloidal nanocrystals in the efficiency droop regime [50]. They found a slight increase in the
relative external quantum efficiency at high current densities in the FRET LED as compared
to one without the nanocrystals. Further investigating colour conversion via FRET in the
efficiency droop regime and absolute power conversion efficiencies can therefore be of interest
for high power LEDs.
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4 Growth and optical properties of
transition metal dichalcogenides
Two publications form the basis of this chapter. The first part builds up on Pulsed thermal
deposition of binary and ternary transition metal dichalcogenide monolayers and heterostruc-
tures [99] by N. Mutz, T. Meisel, H. Kirmse, S. Park, N. Severin, J. P. Rabe, E. J. W.
List-Kratochvil, N. Koch, C. T. Koch, S. Blumstengel and S. Sadofev. The author performed
and analysed PL, absorbance, sheet resistance measurements as well as obtained optical mi-
crographs on the samples grown by Dr. S. Sadofev in order to provide feedback for optimising
the growth process. T. Meisel supported the interpretation with additional measurements. H.
Kirmse and C. T. Koch performed and analysed TEM and EDXS measurements. S. Park and
N. Koch measured and interpreted XPS. N. Severin and J. Rabe measured and analysed Raman
spectra. S. Sadofev and S. Blumstengel wrote the manuscript. E. List-Kratochvil, S. Sadofev,
S. Blumstengel and N. Mutz planned and interpreted the experiments. All authors contributed
to the final manuscript. This chapter extends the data already presented in the publication
through the comparison of the optical properties with mechanically exfoliated and commercially
CVD-grown MoS2. Additionally, an improvement of the crystal grain size is shown when using
soda-lime glass as the growth substrate. The second publication refers to Direct determination
of monolayer MoS2 and WSe2 exciton binding energies on insulating and metallic substrates
[38] by S. Park, N. Mutz, T. Schultz, S. Blumstengel, A. Han, A. Aljarb, L-J. Li, E. J. W.
List-Kratochvil, P. Amsalem and N. Koch. The contribution of the author lies in the exper-
imental determination of the exciton transition energy through reflectance measurements. S.
Park in the group of N. Koch wrote the manuscript and collected all data. S. Park and T.
Schultz performed PES and DFT calculations. S. Blumstengel analysed DRS spectra. A. Han,
A. Aljarb and L. Li prepared the samples. All authors finalised the manuscript. Additionally
to the two substrates presented in the publication, reflectance data on three more substrates and
their analysis using the transfer matrix method is shown.
Two-dimensional transition metal dichalcogenides (TMDCs) moved into focus of research in
2004 after the successful exfoliation of graphite into its monolayer graphene and by showing
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its unique properties, such as high carrier mobility and mechanical strength [100, 101]. Like
graphite, bulk TMDC crystals are built up of individual sheets. They are strongly bound in the
plane of the sheet, but only weakly bound out-of plane. Therefore, these crystals can be cleaved
into monolayers comprised of one transition metal in the center and two chalcogenide atoms
on top and below when viewed from the side (see figure 4.1). In the monolayer, these TMDCs
can show different physical properties than in the bulk which are beneficial for opto-electronic
applications, such as a direct band gap [102]. A large variety of TMDCs exists. However, in
recent years, the majority of studies focussed on the following four semiconducting TMDCs:
MoS2, MoSe2, WS2 and WSe2. Likewise, the focus of this thesis lies on these four TMDCs.
They are referred to when using the term TMDC together with the addition of metallic TaS2.
This chapter introduces the fundamental properties of the TMDCs, which will also be of
use for the following chapter. The book by Kolobov and Tominaga served here as a starting
reference [103]. After the introduction, a new TMDC deposition method called pulsed thermal
deposition (PTD) is described. The growth of large area TMDC monolayers is usually done by
chemical vapour deposition methods. This fabrication method uses a carrier gas and precursors
which form the TMDC on a heated growth substrate. Due to the use of carrier gases, it is not
possible to work in ultra-high vacuum (UHV) conditions. The control of the carrier gas flux
and thus the precursor flux is challenging. Using physical vapour deposition in UHV avoids
these challenges. It is found that TMDC monolayers can be formed by simple thermal resistive
heating of metal wires together with conventional sublimation of chalcogenides. The versatility
of this method is exemplified by the growth of Mo1−xWxS2 alloys and thin heterostructures of
TaS2/MoS2.
In a second part of this chapter, the impact of the substrate on optical and electronic prop-
erties is investigated. The focus lies on obtaining exciton transition energies using differential
reflection spectroscopy (DRS). Since monolayer TMDCs are only three atoms thick, the elec-
trons will be influenced by the dielectric function of the surroundings. This effect is studied
with photoelectron spectroscopy (PES) in combination with optical spectroscopy in order to
determine the energy gap and exciton transition energy by two separate methods. From these
two values, the exciton binding energy is obtained. The last part of this chapter will summarise
the findings.
4.1 TMDC fundamentals
TMDC crystals are layered with only weak van der Waals bonds between individual layers.
This gives rise to the possibility of exfoliating bulk crystals into single layers up to the limit











Figure 4.1: Sketch from bulk to monolayer TMDC by mechanical exfoliation and possible
applications. The transition metal is denoted as M and shown in blue while the
chalcogen atoms are depicted in yellow and as an X.
strongly affected when making the transition from many to one layer. Even already bilayer
and monolayer feature different behaviour [104, 105]. These altered properties, presented in
more detail below, make the TMDCs interesting and promising for fundamental and applied
research. Albeit the vast increase in published papers in the last ten years or so, they are fairly
old. Bulk TMDCs, like MoS2, were investigated in the mid-70s or used in industry as dry
lubricants [103, 106]. The first report of an MoS2 monolayer was as early as 1986, but interest
grew only after the demonstration of novel physical properties of two-dimensional graphite
in 2004 [107]. Graphene exhibits very large charge carrier mobilities of 15000 cm2/(Vs) at
room temperature and the largest mechanical strength tested so far [108, 109]. It thus seemed
obvious to look for other materials which can be brought from a 3D bulk crystal into 2D
sheets and can be used alongside graphene. The four TMDCs with the formula MX2, where
M = {Mo,W} and X = {S, Se}, are all semiconducting. Therefore, this makes them promising
candidates for applications where a band gap is needed, which pristine graphene is missing.
Such applications include transistors and optical sensors that require high carrier mobilities
and large light-matter coupling. It was found that in monolayers of these TMDCs, carrier
mobilities of up to hundred cm2/(Vs) and high on-off ratios in field-effect transistors (FETs)
of 108 can be obtained [110]. Additionally, the TMDCs show a transition from an indirect
band gap in the bulk to a direct one in the monolayer, which manifests itself, for example, in
an increase in photoluminescence (PL) intensity [111]. These two characteristics make them
already interesting for applications and fundamental research. A few of their properties will
be reviewed in the following in some more detail.
4.1.1 Band structure properties
The four semiconducting TMDCs all have a direct band gap only as monolayer. Already in
the bilayer the electronic band gap is indirect [104, 112]. The direct band gap in the monolayer
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Figure 4.2: (a) Schematic evolution of the valence and conduction band extrema from bulk
to monolayer. Only the spin-orbit split bands at the valence band K-point are
shown for clarity (redrawn from [104]). (b) Hexagonal Brillouin zone with the high
symmetry points displayed.
is found at the K-point in k-space of the hexagonal Brillouin zone. On the other hand, the
indirect band gap is situated at the Γ-point for the valence band maximum and between Γ- and
K-point (called Q or sometimes Λ-point) for the conduction band minimum. The crossover
between indirect and direct semiconductor is caused by a decrease in energy of the valence
band at Γ and an increase of the conduction band at Q with decreasing number of layers while
the bands at K are only weakly affected (see figure 4.2).
From first-principles calculations, the states at Γ and Q are found to have a larger contribu-
tion of the more de-localised chalcogen p orbitals to the mixing with the metal d orbitals than
the states at the K-point. Therefore, the states at Γ and Q are more sensitive to the number
of layers [103, 113, 114]. In the experiment, the transition between an indirect and a direct
band gap is seen by an increase of the PL intensity in the monolayer and a slight blue-shift
in the transition energies [111]. There exists a significant contribution of spin-orbit coupling
(SOC), because of the metal d orbitals, leading to a splitting of the valence band maximum
(VBM) and the conduction band minimum (CBM). Due to the lack of inversion symmetry of
the monolayer unit cell, the K points at the edge of the hexagonal Brillouin zone are inequi-
valent, e.g. in their spin state, and usually termed K and K ′ (or K+ and K−). In addition,
SOC leads to an energetic difference between the spin-up and -down states which allows them
to be accessed individually [102]. Most of the splitting takes place in the valence band with a
total amount of around 150-200 meV for MoX2 and 400-500 meV for WX2 TMDCs [115]. SOC
is the explanation for the appearance of the so-called A and B exciton peaks in absorbance
and PL.
The energy gap in two-dimensional TMDCs is also affected by strain. Theoretical and
experimental studies demonstrated that in-plane positive strain leads to a decrease in band
gap energy and a shift from direct to indirect gap [116–118]. Under compression it was found
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that the band gap first increases up to about 22 GPa and subsequently decreases again [119].
4.1.2 Optical properties and defects
Excitons in TMDCs
The optical properties of TMDCs are dominated by excitons and their description given
here follows in some part the review by Wang et al [120]. Due to quantum confinement and
the low dielectric screening in monolayer TMDCs, excitons have binding energies of up to
several hundred meV. Exciton Bohr radii are in the nm range thus extending over a few lattice
sites, putting TMDC excitons in between tightly bound Frenkel and weakly bound Wannier-
Mott excitons. Methods developed for inorganic semiconductors are usually applicable in the
description of their optical properties, but the two-dimensional nature and their immediate
surrounding also need to be taken into account. Prominent peaks exist in the absorption
spectra of TMDCs. They are termed A, B, C, D, E according to early investigations by Frindt
and Yoffe [121] (figure 4.3). In the monolayer, the transition correlated with the A peak is
assigned to an exciton stemming from an excitation at the direct band gap at the K-points. It
originates from the higher lying SO-split valence band maximum while the B exciton is shifted
to larger energies by the amount of SO-splitting. Since most of the splitting takes place in the
valence band, the energetic difference between A- and B-exciton corresponds approximately to
the splitting of the valence band at the K-points.
In general, excitons can be free or localised and bound, for example, at a defect site. This
will lead to a different behaviour observable in PL experiments such as a reduced transition
energy [122]. For TMDCs, the room temperature PL is usually attributed to a transition stem-
ming from free excitons together with a contribution from charged excitons, called trions [123,
124]. Coherence times of the free exciton state were calculated to be on the sub picosecond
time-scale with an effective lifetime due to thermalisation of few to tens of ps at liquid helium
temperature up to nanoseconds at room temperature [125–127]. Experimentally, a fast decay
of the coherence time of a few hundred femtoseconds has been deduced [128–131]. Obtained
PL decay times, i.e. the measurement of the effective radiative and non-radiative lifetime,
scatter from sub ns to several ns, depending on the sample quality, preparation and excitation
conditions [132–134]. Another peculiarity of the four TMDCs is that their decay dynamics
behave differently with temperature for MoX2 as compared to WX2 [135]. It was found that
the PL intensity decreases with increasing temperature for the Mo containing TMDCs while it
is the opposite for the W ones [136]. This behaviour was interpreted such that excited states
exist in WX2 which are lying energetically lower than the optically bright A-exciton. One
state corresponds to a first order spin-forbidden transition since the spin-split conduction band
minimum is of a different electron spin state than the valence band maximum. Additionally to
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Figure 4.3: Typical absorbance spectrum of an MoS2 monolayer with the appellation of the
characteristic peaks.
the optically spin-forbidden excitation, it was theoretically found that in tungsten containing
TMDCs momentum-forbidden excitons, i.e. electron-hole pairs in different k-valleys exist at
lower energies than the A exciton [137]. For MoS2 also a lower lying exciton state was shown,
namely where the hole resides in the Γ valence band and the excited electron in the Q conduc-
tion band. But it was argued that the energy difference to the exciton at the K-point might be
only on the order of 10 meV, also depending on the band structure input calculated by density
functional theory (DFT). The schematic excitonic energy landscape given by Malic et al. has
as a consequence that in their investigations the energetically lowest exciton is bright only in
MoSe2 [137]. The bright exciton of the other TMDCs is just populated after adding energy to
the system, for instance by raising the temperature up to room temperature. In related studies,
the thermalisation of the exciton in the K-valley as well as scattering into the lower lying dark
states was seen to occur ultra-fast over only a few hundred fs [138]. The exciton formation for
non-resonant excitation was also found theoretically and experimentally to happen on a sub-
to picosecond timescale [139–141]. In the case of the theoretical studies, no scattering with
defects and no interaction with residual charges or other excitons was included which would
lead to quantitatively different times [120]. However, the general trend in these studies is that
exciton formation as well as thermalisation and scattering into the lowest lying dark states
occurs on an ultra-fast time scale. Although there exist dark excitonic states with electron and
hole in different k-valleys lower in energy than the bright ones, the single particle energy band
gap is still direct at the K-point in all four TMDCs.
Trions
Apart from the exciton, there exist other energetically lower lying optical transitions observ-
able in PL. A second PL peak is often seen in TMDC samples approximately 20 to 40 meV
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lower in energy than the A-exciton. This peak is associated with a three body quasi-particle,
called a trion. A trion is a charged exciton, i.e. an exciton bound with either an additional
electron or hole. Newaz et al. showed a modulation of the PL intensity of MoS2 with varying
electric field in a FET configuration [142]. Mak et al. performed similar experiments and
observed an additional peak emerging in the absorbance and PL spectra with applied gate bias
[143]. One transition was assigned to the A exciton and the other one to a negative trion.
It was found that the PL intensity of the exciton grew with applied negative bias. Further
experiments with electron withdrawing molecules deposited on MoS2 showed similar trends
and were interpreted as a depletion of the n-doped TMDC, enhancing the free exciton emis-
sion [144]. Apart from acceptor molecules, like F4TCNQ, the PL of MoS2 excitons was also
found to improve in ambient air [145]. Measurements with different gases, such as O2 and H2O
vapour showed qualitatively the same effect on the PL as electrostatic doping in a FET con-
figuration, namely an increase in the free exciton PL intensity. DFT calculations proposed a
charge transfer mechanism from MoS2 to the physisorbed oxygen or water molecules [146]. As
a second effect, it was put forward that sulphur vacancies in MoS2 are responsible for electronic
states within the band gap [147]. Oxygen could then passivate these defects by chemisorption
at the vacancy sites, leading to a decrease in gap states and consequently to a decrease in the
non-radiative decay rate [148].
PL quantum yield
So far, untreated TMDC monolayers show a low PL quantum yield (QY) in the range of
a few percent [103]. There are several reasons investigated to be responsible for such low
QY. One of them is the fast scattering into dark states in W-based TMDCs [137]. On the
other hand, the effect of the substrate on PL spectra of various TMDCs was investigated.
Sandwiching TMDC monolayers between h-BN led to an enhanced emission intensity together
with a severe reduction of the PL linewidth [131]. Additionally, native defects can lead to states
within the band gap which might enhance non-radiative decay channels [145]. In particular
for the case of MoS2, it was pointed out that sulphur vacancies are the most likely ones to
occur [149]. They are reported to be the reason for unintentional n-type doping in MoS2, but
theoretical studies showed that they might act as electron charge compensation centres [147,
150–152]. From calculations it was inferred that they produce unoccupied states in the mid-
gap and occupied ones close to the valence band maximum. In FET measurements, typically
n-type behaviour is observed for MoS2, but also locally p-type conductivity is found [153]. For
large workfunction electrodes p-type conductivity can be achieved as well [154]. Park et al.
recently showed occupied gap states in ultraviolet photoelectron spectroscopy (UPS) of MoS2
on sapphire close to the Fermi level which are absent when the monolayer is deposited on
gold or HOPG [155]. Singh et al. performed DFT calculations with the result that hydrogen
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incorporated in or adsorbed on the MoS2 lattice could function as shallow donors leading to a
filling of the sulphur vacancy gap states [156]. As can be seen from this discussion, the origin
of n-type doping is still under debate. Also, a contribution to unintentional doping from the
underlying substrate needs to be taken into account [157–159]. Other vacancies like missing
Mo or antisites were found to occur with lower probability and were predicted to produce mid-
gap states [149]. By performing scanning tunnelling electron microscopy (STEM) and FET
measurements, Hong et al. found that antisites, where Mo replaces one or two S atoms, could
be responsible for a reduced electron and hole mobility. On the other hand, sulphur vacancies
did not lead to such a decrease [160]. The healing of sulphur vacancies with MPS molecules,
however, was shown to lead to an improvement in FET mobility [161]. Strain also has an effect
on the optical properties leading to a decrease in PL intensity [117]. Grain boundaries were
either found to decrease or increase the emission intensity depending on the relative orientation
of the two grains [162, 163]. An additional reason for the small PL QY was suggested by Lien
et al. [164]. Their study hints towards the interaction of excitons with residual charges and of
exciton-exciton annihilation to be mostly responsible for the low PL QY. In their earlier work,
they showed that post-treatment of MoS2 with the super acid TFSI (bis(trifluoromethane)
sulfonimide) leads to an enhanced PL intensity [133, 165]. Later it was found that electrostatic
gating leads to the same observations. It was concluded that the origin of an increase in PL
intensity is in both cases a reduction of excess charge carriers, while defects were not passivated
or cured. In experiments, a large exciton-exciton interaction was deduced, effectively leading
to a reduced PL QY [166–168]. This was also concluded for exciton interaction with residual
charges resulting in scattering and the formation of trions [120, 169, 170].
4.1.3 Charge carrier transport and doping
The theoretical maximum of the mobility for TMDCs is in the range of a few hundred cm2/(Vs)
at room temperature. Mobilities found in experiments were approaching 100 cm2/(Vs) in MoS2
FETs [171]. The TMDC FETs show a dependence of the extracted mobilities on the underlying
dielectric substrate in addition to scattering at crystal imperfections. It was shown that,
when using SiO2 as the gate dielectric, the FETs show reduced mobilities and long persistent
photoconductivity [172–174]. This observation was attributed to scattering and capturing of
charge carriers at impurities of the gate dielectric and water and oxygen adsorbates. An increase
in mobilities was achieved when using PMMA, h-BN or high-k materials, such as HfO2, as the
gate dielectric [171, 175, 176]. This can partially be explained by the damping of Coulomb
scattering as put forward by Jena et al. [177]. Their theoretical considerations show that
the environmental dielectric function plays a critical role in thin films. For high-k materials
the scattering rate is reduced and, hence, the charge carrier mobility is enhanced. In terms
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of doping, it was found that most of the TMDC monolayers show n-type behaviour while in
WSe2 p-type doping was observed [150] depending on the preparation conditions. Intentional
doping can be subdivided into two classes. Introduction of impurity atoms into the TMDC
lattice corresponds to the classical p- or n-doping in conventional bulk semiconductors like Si
or GaN. Usually, Nb is introduced as p- and Re as n-dopant either when growing bulk crystals
or fabricating TMDC monolayers [150, 178]. The other method could be called environmental
doping where atoms or molecules are brought into contact with the TMDC layer and lead
to a change in the Fermi level by charge transfer or electrostatic interaction. Environmental
doping makes use of the fact that the ultra-thin TMDC layers are directly affected by their
surroundings. In this respect, electron donating or accepting molecules have been adsorbed on
the TMDC surface. Many molecules have been tested [179]. To give an example, an electron
withdrawing (p-doping) effect was observed for the deposition of F4TCNQ molecules while
an electron donating one (n-doping) was shown for NADH. Electrostatic doping can also be
implemented in a FET geometry and controlled with the gate electric field [180]. It can be
seen that a variety of possibilities for the manipulation of the electronic properties are under
investigation and still ongoing.
4.1.4 Raman spectra























Figure 4.4: Raman spectrum of monolayer MoS2 together with a sketch of the respective
vibrations. The table gives the wavenumber values of the E’ and A’1 vibrations of
the four TMDCs according to [181].
The spectral positions of two characteristic Raman modes were shown to depend on the
layer number and could, therefore, be used as a tool to determine the thickness [182]. They are
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termed A′1 and E′ (or sometimes A1g and E12g from the nomenclature of the bulk) and their
respective vibration is shown in figure 4.4 together with the room temperature wavenumber of
the monolayer for the four TMDCs [181]. Similar to the band energies and PL properties, the
Raman spectra were also shown to depend on different other parameters. In particular, the
frequency of the A1g vibration in MoS2 was found to be sensitive to the carrier concentration
and can therefore be used to indicate doping densities [183]. Strain and pressure also influence
the Raman spectra and can serve as a tool to determine these [117, 184].
4.1.5 Influence of the dielectric surrounding on the electronic and excitonic
states
Since two-dimensional TMDCs consist of only one monolayer, their electronic and optical
properties are strongly affected by the surrounding [179]. Some of the aspects regarding PL
efficiency and charge carrier transport have already been mentioned above. In this section, the
influence of the surrounding dielectric function on the TMDC band gap and exciton binding
energy will be presented as discussed by several authors [14, 16, 185–189]. A trend of decreasing
dielectric constant with increasing band gap energy is seen in 3D inorganic semiconductors.
Moss put this relation in terms of the energy gap and the effective dielectric constant as Eg ∝
1/ϵ2eff [190]. There exist also other models and empirical formulas which give similar trends
as the Moss relation and can be fitted to experimental data [191]. The binding energy in the
effective mass approximation for a Wannier-Mott exciton is given with the same proportionality,
Eb ∝ 1/ϵ2eff . The physical picture is that in both cases the Coulomb interaction of a point
charge is screened by the surrounding medium. Therefore, in a first approximation, it can be
assumed that both the band gap and the exciton binding energy are affected in the same way
by the dielectric constant.
In the 2D case, the interaction of two point charges embedded in a thin slab of a dielectric with
thickness d surrounded by two dielectric materials was investigated by Keldysh [192, 193]. The
author considered the assumptions that the surrounding dielectric constants are much smaller
than the one for the thin slab and that the exciton Bohr radius is larger than d. Then, the
interaction potential takes the form of a screened Coulomb potential (V ∝ 1/(ρϵeff )) for large
distances ρ between the two charges and a logarithmic behaviour for small ρ with a charac-
teristic screening length ρ0 = dϵ2/(ϵ1 + ϵ3) separating these two regimes. Here, ϵ{1,3} are the
dielectric constant above and below the TMDC monolayer while ϵ2 is the dielectric constant of
the TMDC [194]. Importantly, the dielectric function entering the Coulomb potential becomes
wave vector dependent (similarly expressed with the charge separation ρ) in addition to the
frequency [195]. In contrast to bulk semiconductors, the dielectric surrounding also needs to
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be taken into account. This gives the possibility of tuning the energy band gap, for example by
spatially varying the dielectric constant of the substrate [16, 186, 196]. An expression for the
effective dielectric function can be found in [197] and here only the limiting cases will be cited.
For small absolute values of the wave vector q << 1/d (large ρ), the charges will be mainly
affected by the surrounding medium and ϵeff → (ϵ1 + ϵ3)/2. For large wave vectors q >> 1/d
(small ρ) ϵeff → ϵ2, i.e. similar to the 3D case. Typical screening lengths and exciton radii
aexc are ρ0 ≈ 3 − 4 nm and aexc ≈ 1 nm in free-standing TMDCs so that an intermediate
effective dielectric constant is needed to describe screening within this model [197]. Chernikov
et al. [15] applied this model by experimentally investigating the excitonic series of the WS2
A-exciton from 1s to 5s. A non-hydrogenic behaviour was found and explained by the increas-
ing radius of the excited state excitons which manifests itself in a varying dielectric function.
This is an interesting observation of the non-locality of the dielectric function in 2D TMDCs.
It needs to be kept in mind that the above considerations are valid under the assumptions of
ϵ2 >> ϵ1,3 and ρ > d as pointed out by Cho et al. [14]. These approximations are given for
monolayer TMDC excitons on substrates like SiO2. For a more general screening potential
other techniques, like image charges, can be applied. In such a way, the band gap and exciton
binding energy were investigated as a function of the dielectric surrounding theoretically [14].
The authors found a very similar absolute decrease of the band gap energy and the 1s exciton
transition energy so that the optical gap stays roughly the same for increasing dielectric func-
tion. On the other hand, the 2s state was found to show a stronger deviation in the transition
energy.
Experimentally, the exciton binding energy can be obtained by measuring the band gap
energy and the optical gap. This was done with the help of scanning tunnelling spectroscopy
(STS) and it was shown that the band gap of MoSe2 decreases when it is deposited on graphite
instead of bilayer graphene [198]. This effect was attributed to the different dielectric screening
between graphite and bilayer graphene. Wang et al., however, reported no difference in the
STS band gap between bilayer graphene and graphite [199]. The discrepancy was explained
by different measurement and growth conditions leading to a change in defect density which
could affect the band gap measurement. A disadvantage of STS is that it is not sensitive to
the reciprocal lattice vector k meaning that it also probes states at local band extrema, like
the Γ-point. Moreover, usually a conducting substrate is needed limiting the range of dielectric
environments that can be investigated. Another technique to obtain the electronic band gap
is photoelectron spectroscopy (PES) and inverse PES. PES can be performed by resolving the
angle at which electrons leave the sample and which in turn can be translated to k. In such
a way the band dispersion can be mapped. Combining PES and optical measurements can
give experimental insight on the band gap and exciton binding energy as a function of the
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underlying substrate dielectric constant. This will be discussed in section 4.3 as part of the
experimental findings of this thesis.
4.1.6 Fabrication methods of monolayer TMDCs
In order to distinguish between extrinsic and intrinsic properties, control over the monolayer
growth is needed. So far, mostly mechanically exfolatied monolayers or monolayers fabric-
ated by chemical vapour deposition (CVD) are used. These methods have advantages and
disadvantages, as will be laid out in the following. It will be discussed why physical vapour de-
position methods could serve as a third method alongside the other two. Layered bulk TMDCs
can be cleaved into a single layer in the same way as graphite into graphene by mechanical
exfoliation. Schematically this is shown in figure 4.5(a). Usually, adhesive tape is used but
also freshly cleaved mica (as sketched in the figure) or gold can be used to thin the bulk crystal
down until one ends up at a monolayer. This method gives generally flakes of good optical and
electronic quality since bulk crystals can be obtained with high purity. Moreover, it can be
done at relative ease without needing costly equipment. One disadvantage is the flake size of a
few tens of µm, although it was recently shown that gold-mediated exfoliation can lead to flakes
of millimetres in lateral size [200, 201]. Another drawback is that not only monolayers but also
multilayers are obtained without control of the thickness. Other methods have been therefore
developed whereat CVD methods have been the most used ones. In figure 4.5(b) an example
for the CVD growth technique is schematically illustrated. Elemental chalcogen and a metal
precursor, like MoO3 or WO3, are evaporated in a heated tube furnace. The two materials are
transported with a carrier gas, such as argon, towards a heated growth substrate at which the
TMDC is formed. Not only the metal and chalcogen sources depicted here are used but various
precursors are under investigation. For example, TMDC powder itself, pre-deposition of a thin








Mechanical exfoliation(a) (b) CVD
Lift-off
bulk MX2
Figure 4.5: Fabrication methods for monolayer TMDCs. (a) sketches the mechanical exfoli-
ation route while (b) displays the principle of CVD.
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has also been shown that alloys and heterostructures with other TMDCs can be fabricated by
CVD [103, 202]. CVD grown monolayers tend to form triangles with edge lengths of several
tens to hundreds of µm which can merge together to give polycrystalline closed monolayers.
By now, the optical and electronic characteristics can be comparable to exfoliated flakes. Still,
the control of the growth parameters like material flux, constant temperature or stoichiometry
is difficult due to many growth parameters. For instance, it has been shown that not only the
growth time and temperature but also the carrier gas flow influences the growth as well as
the substrate position where the TMDC forms [203, 204]. Physical vapour deposition (PVD)
techniques in ultra-high vacuum (UHV) like molecular beam epitaxy (MBE) are also being
explored but are less common so far [205–208]. Here, the advantage lies in the better control
of the atomic flux, in particular when thinking of alloys, heterostructures or doping. Moreover,
the use of UHV limits undesired contamination. As a challenge, it can be mentioned that MBE
growth is more work intensive and the workflow is not so easily scalable for industry applica-
tions. Usually, the evaporation of elemental molybdenum and tungsten is done by an e-beam
evaporator which is costly. The next section will therefore show an experimental method de-
veloped in-house of how this issue can be tackled. Within, results that highlight the versatility
of using MBE to grow TMDCs alongside the more established CVD process will be discussed.
4.2 Pulsed thermal deposition
4.2.1 Experimental background
Pulsed thermal deposition (PTD) is a PVD technique which uses thermal resistive heating of a
metal wire as the Mo, W or Ta source, similar to a light bulb. It was developed since elemental
transition metals and chalcogenides need largely different temperatures of more than 2000 °C
and less than 200 °C for the metals and chalcogenides, respectively, to reach suitable vapour
pressures. In MBE growth, usually a large and costly electron beam evaporator is used for
the deposition of these metals. Conventional melting of the metals is not easily possible since
standard crucibles themselves are composed of these materials. In PTD however, a small, pure
wire of the desired metal is heated by letting a current flow through it. This makes the method
very easy to implement. Due to its electrical resistivity, the wire heats up to a temperature at
which a small amount of metal is sublimed. To improve the longevity of the wire and to control
the amount of deposited material, the current is applied in a pulsed instead of a continuous
mode. The evaporation takes place in a vacuum chamber together with the co-evaporation of
the elemental chalcogen. Both elements will impinge on the heated growth substrate, as shown
in figure 4.6.
55











Figure 4.6: Schematic setup of the PTD chamber. The chalcogen is evaporated from a standard
Knudsen cell. The current flows through the metal wire in a pulsed mode while S
(Se) is evaporated simultaneously all the time as depicted on the right-hand side.
The substrate is facing downwards and can be heated from the back side.
The evaporation rate and, therefore, the flux of metal atoms can now be controlled by the
electrical power P = UI sent through the wire. The electrical power is dissipated into heat
and the temperature T of the wire is related to the electrical power by Pel ≈ Prad ∝ σT 4
[209]. Here, the approximation is made that the heat is converted completely into radiation.
Pel and Prad are the electrical and radiated power, respectively, and σ is the Stefan-Boltzmann





αv is the coefficient of evaporation and lies between zero and one. kB is the Boltzmann
constant, m is the mass of the evaporated metal, T is the temperature and Pv and Ph are
the vapour and ambient pressure, respectively [21]. Experimentally, the temperature can be
obtained through Wien’s displacement law by treating the wire as a black body and measuring
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The flux of atoms arriving at the substrate depends further more on the size of the evap-
oration source and on the angle as well as the distance between source and substrate. In the
case of flux control of the chalcogen source this can in principle also be done via evaporation
temperature. Practically, this is not possible in the setup used since the heat generated by the
wire and the substrate heater will indirectly evaporate the chalcogen. This is also the reason
why alloys of the sort MS1−xSex cannot be fabricated in a controlled manner in the used setup,
since both S and Se will be evaporated at the same time. One way to avoid this is to use a
so-called cracker cell consisting of two chambers allowing for flux control. However, this was
not available within the time of this thesis.
Tungsten, molybdenum and tantalum wires were used together with co-evaporation of either
sulphur or selenium for the fabrication of the TMDCs. In the evaporation chamber, two
metal wires could be installed simultaneously in order to produce mixed Mo1−xWxS2 layers
or MoS2/TaS2 heterostructures. All four semiconducting TMDCs as well as metallic TaS2 can
be produced. The metal wires were installed in a slight angle to the growth substrate. The
growth substrate itself was facing downwards and could be heated to temperatures around 450
°C. Evaporation was performed at a base pressure of 10−6 mbar.
4.2.2 Characterisation of TMDC monolayers
There are two possibilities to control the amount of metal and therefore the number of layers
on the substrate, the impinging flux and the number of pulses together with their duration.
In practice, a fixed power and thus flux was chosen as well as a fixed pulse period, so that
the number of layers is controlled by the number of pulses. S or Se was usually evaporated
during the whole time of the deposition process. In order to calibrate the thickness and to
obtain monolayers, it is possible to use PL and absorption as a quick and non-destructive
method. For this, a series of TMDC thin layers with varying number of pulses was fabricated.
Since the monolayer exhibits a direct band gap, a certain number of pulses (for otherwise fixed
parameters) exists for which the sample shows the highest PL signal. This sample can then
be used as a reference for absorption spectra corresponding to an average monolayer. Figure
4.7 (a) shows PL and UV-Vis spectra of a series of MoS2 with varying pulse count. It can be
seen that the PL intensity first grows with the amount of deposited material and decreases
again after too much metal was sublimed. The thickness is controlled by the absorbance
spectra. One monolayer can then, in a first approximation, be linked to an absorbance value
of Abs = 0.11 ± 0.01 for the peak maximum around 2.9 eV in the case of MoS2. Figure 4.7
(b) depicts the absorption spectra of the four TMDCs MoS2, MoSe2, WS2 and WSe2 grown
with PTD. All spectra show the typical transitions as manifested by the distinct peaks in
the absorption spectra. Most of the growth optimisation was done on MoS2. Therefore, the
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Figure 4.7: (a) PL and absorbance evolution of MoS2 for an increasing number of pulses.
The maximum PL is seen for an absorbance of 0.1 at 2.9 eV and shown in violet
(b) Absorbance spectra of the four TMDCs corresponding to one monolayer. The
typical excitonic absorption features are seen.
remainder of this subsection will focus on this specific TMDC.
PL measurements give a first and fast indication when having deposited a monolayer, but
a direct thickness measurement is preferable. Atomic force microscopy (AFM) is usually used
to determine the thickness of thin films. In the case of MoS2 deposited on quartz or sapphire
substrates, AFM measurements did not give conclusive results. This might have been due to
either a too high roughness of the substrate itself or the lack of large enough individual crys-
tallites. TEM cross section images were therefore taken. One example of MoS2 on an SiO2/Si
substrate is shown in figure 4.8. TEM reveals that the films are, to a large extend, comprised
of monolayers but that there are also parts where two or more layers overlap. Moreover, the
grain size of single crystallites is found to be around 10 nm with no preferential in-plane growth
orientation. In conclusion, for the utilised growth conditions, continuous TMDC monolayer
films can be grown which follow the topology of the substrate and consist of small crystallites
with no in-plane long range order and a large amount of grain boundaries. Considering the ease
20 nm 2 nmSiO2/Si
MoS2
Glue
Figure 4.8: STEM cross-section of MoS2 on SiO2/Si. The film consists of mainly small (≈10
nm) monolayers with occasional overlap between layers as seen in the magnification.
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Figure 4.9: Optical microscope images of MoS2 obtained by the three methods as described in
the text. (a) The PTD monolayer film covers the whole substrate (10 x 10 mm2).
No structure can be seen with the optical microscope. The contrast between quartz
substrate and MoS2 on one edge is demonstrated in the lower panel. (b) Image
of a commercially purchased CVD sample. The sample is fully covered except for
the edges where individual triangles can be found. (c) Exfoliated MoS2 on mica.
The monolayer region is circled and shows a slight blue contrast. Thicker regions
appear more blue and bulk parts shiny white.
of the fabrication method and possibility of implementation into a designated MBE system,
these results are promising. Next, the optical properties will be discussed in more detail in
comparison to commercial CVD-grown and mechanically exfoliated MoS2.
Figure 4.9 compares optical microscope images of representative samples for each of the
differently obtained TMDCs. Reflectance microscope images can serve as the first indication
and identification of monolayers since already a single layer shows distinguishable contrast
on many of the used substrates. Furthermore, different number of layers can be identified
by their colour, as can be seen in the case of the exfoliated sample. The first image depicts
a sample grown with PTD. No structure can be seen as expected from the small grain size
established by TEM. Rather, a closed single layer thick film is obtained. The middle image
shows a commercially purchased MoS2 monolayer produced by chemical vapour deposition.
At the edges of the sample, individual triangles can be observed as typical for CVD-grown
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Figure 4.10: Room temperature PL and absorbance (DRS) spectra of the three differently
obtained MoS2 in the region of the A and B excitons.
monolayers. The triangles merge together to form a closed polycrystalline film over the range
of cms. The exfoliated sample, as represented by the third image, was obtained by cleaving a
sheet of mica in the glovebox to obtain a clean surface. The same was done with a bulk MoS2
crystal. Both clean surfaces were then pressed together and separated again. This method,
developed for the exfoliation of graphene [211], leads to flakes of a few tens of µm in size, but
the yield is rather low and the identification of monolayers is time consuming. Nonetheless,
MoS2 exfoliated from bulk crystals can be of high quality and can be used for fundamental
understanding as well as reference. A comparison of room temperature absorption and PL
spectra in the region of the A and B exciton can be found in figure 4.10. The ‘absorption’
spectrum of the exfoliated sample was obtained by using differential reflectance spectroscopy
which is related to the absorption for samples deposited on transparent and non-interacting
substrates. However, the absolute values of the absorbance and DRS spectra cannot be directly
compared, since the dielectric function of the mica substrate is not known. In the case of the
absorbance spectra of the PTD and CVD sample, it can be seen that their absorption is very
similar. This is further proof of the monolayer nature of the PTD fabricated sample. Also, the
difference between the A and B exciton transition is found to be the same in all samples with
approximately 144 meV. This value is consistent with literature [115]. On the other hand, it
can also be observed that the PTD sample is shifted in absorption to higher energies by about
40 meV and 26 meV as compared to the CVD and the exfoliated sample, respectively. This
effect might be caused by compressive strain which was shown to increase the energy gap [119].
The exact reason for the blue-shift is not clear, but it was consistently observed for the PTD
samples grown on quartz. A striking difference between the three samples is the increased
linewidth and the less sharp transitions of the PTD absorption. A reason for this can be the
reduced crystallinity of the PTD sample due to the comparable low growth temperature with
respect to CVD grown samples (∼ 450 °C and ∼ 700 °C, respectively). As a consequence, the
60
4.2 Pulsed thermal deposition
































5 min exposure 5 min exposure
Figure 4.11: The effect of continuous laser exposure on the PL under ambient air (a) and in
vacuum (b) for five minutes. The excitation energy was 2.82 eV.
PTD samples show a larger inhomogeneous broadening due to a higher variation in transition
energies. This is partially also reflected in the linewidth of the PL. However, PL of MoS2
consists, to a varying content, also at room temperature of a contribution of trions. This can,
for example, be seen for the exfoliated sample where a shoulder at 1.88 eV is observed which can
be attributed to the exciton PL. The Stokes shift, as taken from absorption to emission peak
maximum, is the smallest for the CVD grown sample (19 meV), followed by the PTD sample
(34 meV) and the exfoliated one (48 meV) due to the apparent larger contribution of the trion.
An enhancement of the exciton PL was reported in literature when the TMDC is exposed to
oxygen and water molecules [146]. To test this on our samples, the effect of ambient air on the
PL in comparison to measurements in vacuum were performed. The results are presented in
figure 4.11. On the left-hand side the effect of continuous laser excitation for five minutes in
ambient air is displayed. For the PTD samples as well as for the exfoliated MoS2, an increase
in PL intensity in ambient air is seen. The PL intensity in vacuum drops to about 0.4 and
0.05 of its value in air for the PTD and exfoliated sample, respectively, and shows a slight
red-shift. The CVD sample shows a slight decrease in its PL intensity after 5 minutes of laser
excitation under both measurement conditions. But also for the CVD sample, a decrease of the
PL intensity in vacuum as compared to air is seen, albeit with a factor of around 0.6 smaller
than the other samples. Altogether, the behaviour of the CVD sample is found to be more
robust against the effect of ambient air. An explanation for the effect of ambient air on the
PL properties of MoS2 is the depletion of excess carriers by O2 and H2O leading to a reduced
trion and enhanced exciton emission and the passivation of gap states [145–148]. One can
therefore assume that the exfoliated and PTD samples studied here exhibit a higher defect
density than the CVD sample. Especially the exfoliated sample shows a strong decrease of the
PL intensity when measured in vacuum. While the exact reason is not known, it might also be
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related to a high defect density in this particular sample. It was shown that PL linewidth and
Stokes shift as well as the amount of trion PL depend on the underlying substrate [157–159].
Since the three samples were deposited on different substrates, a direct comparison is only
qualitatively possible here. Nonetheless, a few conclusions can be drawn from the comparison
of the optical properties of the PTD, exfoliated and CVD samples. First, that the PTD films
consist of a large number of tens of nm big crystallites which results in many grain boundaries
and broader excitonic features as observed in the other two. Second, despite this, the optical
properties regarding PL and absorption are very similar, also with respect to the behaviour
in ambient air, and the PL intensity is comparable. Clearly, the growth process needs more
optimisation in terms of crystal domain size, but the results highlight the facile fabrication of
closed, large-area monolayer TMDC films. A major advantage of the presented method is the
possibility of the controlled co-evaporation of other metals as dopants or the assembly of alloys
and heterostructures in a vacuum environment. This will be exemplified in the next subsection
for the case of Mo1−xWxS2 mixed films and MoS2/TaS2 heterostructures after a short outlook
on the growth optimisation.
Yang et al. reported the positive effect of sodium in terms of soda lime glass on the growth
of large area MoS2 monolayers [212]. Soda lime glass was therefore also tested with PTD to
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Figure 4.12: MoS2 grown on soda lime glass. (a) Microscope image showing larger grain size
of a few µm. (b) Comparison of the absorbance spectra of soda lime and quartz
grown samples (c) PL spectra of an MoS2 sample on soda lime glass under ambient
conditions. Spectra were taken every five seconds for one second exposure time.
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study its possible impact on crystal size. Figure 4.12 (a) shows a microscope image of MoS2
grown on soda lime glass. A clear increase in grain size is observable compared to MoS2 grown
on quartz glass under the same conditions.
A trend of increasing grain size with growth temperature was found which is limited to about
500 °C by the low glass transition temperature of soda lime and downwards facing substrate.
Sharper exciton peaks and a shift towards lower energies is seen in the absorption of the soda
lime sample compared to the quartz one. The PL intensity is also found to increase by more
than an order of magnitude. This increase is accompanied by a higher sensitivity to ambient
air than seen for the sample on quartz. Samples showed a rise in PL intensity under laser
excitation of around five times over a few tens of seconds before saturating. Until the end
of this thesis it was not possible to find the cause of the high sensitivity of the PL intensity
to ambient air. Complementary measurements like TEM to study the structure and possible
defects need to be left for future work.
4.2.3 TMDC alloys and heterostructures
As introduced before, it is possible with the PTD method to evaporate different transition
metals during the same growth process. Hence, it is possible to deposit mixed crystals and
heterostructures without the need to break the vacuum. This gives the opportunity to tune
the band gap as well as spin-orbit coupling. To demonstrate the feasibility of PTD, the mixed
crystal Mo1−xWxS2 was grown for x = 0..1 as well as MoS2/TaS2 heterostructures. Alloys of
either mixing the metal (Mo and W) or the chalcogen (S or Se) and various heterostructures
have been grown by employing different methods before [213–219]. The purpose of this study
is to show that a controlled deposition method for varying mixing ratios and abrupt atomic
interfaces using PTD under high vacuum is possible. Mo was co-evaporated with W either at
the same time or subsequently. The ratio of Mo/W was adjusted by the time current flows
through the respective wire. MoS2 has a smaller band gap and SOC than WS2 which manifests
itself in a distinguishable optical response. Figure 4.13 demonstrates the transition between
MoS2 and WS2 by measuring absorption and PL in dependence of x. The amount of Mo and
W in the samples was derived using X-ray photoelectron spectroscopy (XPS). The integrated
areas of the corrected Mo 3P , W 4f and S 2p atomic core levels were compared to determine
the composition. For an increasing W/Mo ratio, both characteristic A and B exciton features
in absorption are gradually shifted. Most importantly, no sign of phase separation is observed
that would manifest itself in a mixed signal of the respective A and B exciton transitions of
pure MoS2 and WS2. It is seen that the shift is not monotonic in the case of the A exciton, but
first shifts to the red with consecutive increase in energy. The B exciton also exhibits bending,
but is monotonically increasing. Usually, the evolution of the band gap in semiconductor alloys
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Figure 4.13: PL (a) and absorbance (b) spectra of Mo1−xWxS2. The value for x is shown in-
between. (c) Evolution of the A and B exciton energy and the A-B splitting with
respect to x (modified from [99]).
is fitted with the non-linear formula
Eg(x) = (1− x)EMoS2 + xEWS2 − bx(1− x) , (4.3)
where Eg is the band gap of the alloy as a function of x, EMoS2 and EWS2 are the band
gap energies of MoS2 and WS2, respectively and b is a bowing parameter. In order to fit
the data with the above equation, it is assumed that the exciton transition follows the band
gap behaviour. This assumption is so far justified since exciton binding energies of different
TMDCs are similar to each other. The fit resulted in bowing parameters of bA = 0.25±0.03 eV
for the A exciton and bB = 0.37 ± 0.03 eV for the B exciton. The value for the A exciton
agrees well with literature also quantitatively in experiment and DFT calculations [218, 220].
Qualitatively, also the behaviour of the B exciton is reproduced in our measurements, however,
the bowing parameter obtained here is larger. This might be attributed to the different method
of obtaining the B-exciton energy as compared to literature. While Chen et al. [220] used PL,
absorption spectroscopy was employed here which might lead to different absolute values of
the B exciton energy. A different behaviour of the A and B exciton could hint to an unequal
evolution of the SO-split bands that can be of interest for investigating bright and dark excitonic
states as pointed out by Wang et al. Opposed to their finding in Mo1−xWxSe2, a bowing of the
energy difference between the A and B exciton, i.e. the SO splitting, is not observed here [221].
Rather a monotonic increase from 150 meV to 425 meV going from pure MoS2 to WS2 is seen
as demonstrated in figure 4.13. A more thorough theoretical analysis is needed to gain more
insight, but is out of the scope of the present study. From figure 4.13, it is also seen that the
PL follows the shift of the A exciton absorption. A similar bowing parameter of 21 meV was
derived. The PL intensity, linewidth and Stokes shift is similar in all compositions indicating
no disorder introduced by alloying. By employing Raman spectroscopy, it is also possible to
track the gradual transition of the alloy composition. The two characteristic vibration modes
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Figure 4.14: Raman spectra of the Mo1−xWxS2 alloy. The composition is the same as in 4.13.
The broken lines are a guide to the eye for the evolution of the two vibrational
modes (adapted from [99]).
A′1 and E′ are demonstrated in figure 4.14. For MoS2 E′ (A′1) is found at 384.0 cm−1 (404.5
cm−1) and for WS2 at 353.5 cm−1 (417.0 cm−1). These values are consistent with the reported
wavenumbers for monolayers in literature [181]. In the evolution of the two vibrations, one
can observe a clear two-mode behaviour for the energetically lower E′ mode. That is, both
modes of MoS2 and WS2 exist separately in the mixed crystals with a composition dependent
shift of their respective frequencies. The E′ mode is shifted to lower wavenumbers in MoS2
while it is opposite for WS2. In the case of the A′1 mode, sulphur atoms oscillate out of plane
while the metal atom is stationary. As a consequence, the vibrational energies of this mode
for the two TMDCs are similar since the bond lengths of the two TMDCs are alike. For our
measurements, we can also assign two separate modes corresponding to the individual MoS2
and WS2 A′1 modes, as can be seen from the shoulders in the Raman spectra. While the MoS2
mode shifts to larger wavenumbers, the WS2 mode shifts to lower ones. A clear separation
of the two modes is also observed by Zhang et al [217]. On the other hand, literature also
describes a one-mode behaviour of A′1, meaning a gradual shift between x = 0 and x = 1 of
only one merged mode [222]. This might be ascribed to the relatively large linewidth compared
to the energy separation between the MoS1 and WS2 A′1 mode. In the measurements by Chen
et al. [222] one might also argue that two modes are indeed present. It is thus concluded that
a two-mode behaviour is given for the E′ as well as for the A′1 mode.
As a next step, the fabrication of a TaS2/MoS2 heterostructure is discussed. TaS2 can be
grown in the same way as the semiconducting TMDCs, but shows metallic properties. This
makes thin films of TaS2 interesting as semi-transparent electrodes in TMDC devices. The
work function of TaS2 is around 5.5 eV making it a possible alternative to indium tin oxide
(ITO) [223, 224]. In order to establish its general applicability, absorption and sheet resistance
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Figure 4.15: (a) Transmission of a thin film of TaS2 and ITO on glass. (b) Absorbance spec-
trum of bare TaS2 and a TaS2/MoS2 heterostructure. The MoS2 A and B exciton
are clearly visible. Adapted from [99].
of a 3 nm thin film was measured. The sheet resistance was measured with a four-point probe
station to be 2 kΩ/□ equivalent to a conductivity of 1.7× 105 S/m. While the sheet resistance
is approximately two orders of magnitude larger than for ITO films used in devices due to the
∼30x thicker ITO, the conductivity value is compatible [225]. TaS2 and ITO transmission is
compared in figure 4.15. The TaS2 thin film shows good transparency over the entire visible
range (T≥ 0.8) and a much less pronounced falloff in the NIR spectral region compared to
ITO. One advantage of TaS2 is the easy co-evaporation with other TMDCs like MoS2 to form
heterostructures or contacts without the need of breaking the vacuum. As a proof of concept of
the applicability of TaS2, MoS2 was grown on TaS2 and the absorbance was measured (Figure
4.15). Importantly, the characteristic A and B excitons are also visible in the heterostructure
showing that MoS2 is grown in the semiconducting polymorph on TaS2. A TEM cross-section
is shown in figure 4.16. Few-layer TaS2 was deposited on SiO2 and subsequently a few MoS2
layers were evaporated on top. From the TEM images, it can be seen that the interface between
the two TMDCs is abrupt and atomically sharp. This is also highlighted by energy-dispersive
X-ray spectroscopy (EDXS) with Ta confined to the lower part of the heterostructure. Further,
MoS2 exhibits small grains as indicated by the discontinuous lines. This behaviour is similar
to the growth of monolayers directly on quartz but with a smaller contribution of the substrate
roughness. The corrugation of the substrate is levelled out by TaS2 after a few monolayers.
Employing image contrast simulation, it was found that TaS2 and the MoS2 on top do not
show the same in-plane orientation but are rotated to each other.
To summarise this section, it was shown that TMDC monolayers can be deposited in con-
tinuous films with an easy to implement physical vapour deposition method. To show its
versatility, Mo1−xWxS2 alloys were grown over the whole composition range and its optical
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properties were discussed. TaS2/MoS2 heterostructures were successfully grown with atomic-





Figure 4.16: (a) TEM cross-section of a TaS2/MoS2 heterostructure demonstrating the sharp
interface between the two components. (b) EDX spectra for Ta and Mo+S (Mod-
ified from [99]).
4.3 The influence of the substrate
The immediate surrounding of the monolayer plays an important role in its optical as well as
electric properties due to the two-dimensional nature of the TMDCs. In this respect, the used
substrate can induce changes also in the case when no apparent interaction, like charge transfer
or a permanent dipole, are present. As pointed out in the fundamentals, this can be explained
by the effect of the dielectric screening caused by the immediate TMDC environment. As a
consequence, the single particle band gap is renormalized and the exciton binding energy is
modified. In this section, it will be shown how the exciton transition energies (Eopt) can be
determined optically by reflection measurements of TMDCs on various substrates with different
dielectric constants. Together with PES experiments one can observe the effect on the single
particle band gap (Egap) and deduce the exciton binding energies.
4.3.1 Differential reflectance spectra of MoS2 and WSe2
Differential reflectance spectroscopy (DRS) is a method which allows to derive the complex
dielectric function of thin films with thickness d via two comparative reflection measurements.





where R and R0 are the reflectivity spectra of the substrate with and without thin film,
respectively. If the complex dielectric function
√
ϵ = ñ = n + iκ of the substrate is known,
one can deduce the dielectric function of the thin film. This is done by employing the transfer
matrix method and modelling the thin film response with a Lorentz oscillator model. In this
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Figure 4.17: DR spectra of MoS2 and WSe2 on five different substrates. The dashed line shows
the transfer matrix fit and the dotted line depicts the first derivative in the case
of gold as the substrate. The A exciton transition energies are highlighted by the
vertical line.
way, the theoretical DR spectrum is matched with the measured one. Details on the model
and the theoretical background can be found in the experimental section of chapter 2.
The two TMDC monolayers MoS2 and WSe2 were deposited on five substrates: 340 nm
SiO2 on Si, Al2O3, 30 nm HfO2 on Si, graphite (HOPG) and gold. The measured DR spectra
are shown in figure 4.17. Transfer from the growth substrate to the new substrate was done
in the group of Lain-Jong Li in a similar way as the wet transfer described in the methods
section, but with PMMA instead of PS [38, 226]. For the TMDCs on Al2O3, it is possible
to directly read-out the transition energies of the A and B exciton since the DRS signal for
non-interacting and transparent substrates is directly proportional to the extinction coefficient
κ of the TMDCs [31]. In the case of gold as a substrate, only a small signal was observable
for the excitons. The transition energies were determined by forming the first derivative and
taking its inflection point, as shown by the broken line. For the other substrates the transfer
matrix method was employed. The exciton transition energies are marked in the figure by
vertical lines. It can be seen that the A exciton transition energy stays approximately constant
for the oxide substrates but is red-shifted when the TMDCs are deposited on HOPG and Au
by a few tens of meV. Figure 4.18 shows the energy levels as measured by PES for the samples
on sapphire and gold. An energy gap of 2.11 eV and 1.90 eV was found for MoS2 on Al2O3 and
Au, respectively and similarly 1.89 eV and 1.75 eV for WSe2. This results in exciton binding
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Figure 4.18: Energy levels and deduced exciton binding energies of MoS2 (a) and WSe2 (b)
on sapphire and gold substrates. Adapted from [38].
energies given by Eb = Egap −Eopt of 240 meV and 90 meV in the case of MoS2 on Al2O3 and
Au and 240 meV and 140 meV for WSe2. This reduction of Egap and Eb is partially ascribed to
a larger screening of the Coulomb interaction when the TMDCs are deposited on Au. Another
effect leading to a renormalisation of the band gap could be due to a small charge transfer
from the TMDCs to Au [227]. The difference in the change of Egap arising between MoS2 and
WSe2 can be attributed to a hybridisation of the MoS2 VBM at the Γ-point with Au leading
to a distortion and reduction of Egap at K [38, 228].
As discussed in section 4.1.5, the dielectric surrounding of the TMDC monolayers will influ-
ence the screening of charge carriers and thereby Egap and Eb. Since the dielectric function is
frequency dependent, the question is which value is relevant. As a starting point, the frequency
corresponding to Eb is used for excitons [33]. For TMDCs this lies at around 200 meV which is
slightly above the phonon energy of the oxides studied here. Also, for the oxides it holds that
κ ≈ 0 in this energy range. n changes smoothly only by around 15 % between the value for Eb
and Egap so that values of the relative dielectric constant within this range seem reasonable.
The larger screening of the Coulomb interaction, that leads to a reduction of both Egap and
Eb when the TMDCs are deposited on Au, can be associated with free electrons. Gold has a
plasma frequency well above the optical and binding energies considered here so that screen-
ing becomes effective [197]. A slight red-shift of Eopt towards higher dielectric constants was
predicted theoretically by Cho et al. [14]. In their study they used numerical values of the
static dielectric constant of silica (≈4) and graphite (≈10). In order to compare the present
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Figure 4.19: Transition energy of the A exciton (Eopt) of MoS2 and WSe2 in dependence of
the static dielectric constant of the substrate. The value for the static dielectric
constants used here are: 4 (SiO2), 9 (Al2O3), 10 (HOPG), 25 (HfO2) and the
value for gold was set to 1000.
results with their theory, Eopt is plotted against the substrate static dielectric constant in figure
4.19. Eopt stays approximately constant within the error for the oxide substrates and slightly
reduces for Au as the substrate. The samples on HOPG shows a reduced exciton transition
energy of 40 - 50 meV as compared to samples on SiO2. Hence, the transition energy lies not
exactly in the trend of decreasing energy with increasing dielectric constant. This might be
due to the usage of the static dielectric constant for HOPG instead of the dielectric function
at the exciton binding energy. Additionally, κ ̸= 0 at the frequency corresponding to Eb. The




i ≈ 30, which represents
the trend better. However, more theoretical insight on the value of the used dielectric constant
is needed here [120].
4.4 Summary and outlook
Within this chapter, a resistive heating method for the fabrication of large area TMDC mono-
layers was introduced. These monolayers showed comparable optical properties with respect
to PL and absorption to mechanically exfoliated and CVD grown layers. The use of wires as
source for the sublimation of the transition metals makes this procedure versatile and easy
to implement in existing ultra-high vacuum (UHV) deposition chambers. By growing mixed
monolayers of the type Mo1−xWxS2, it is possible to tune the optical absorption and the spin-
orbit splitting as manifested by the difference between A and B exciton. Furthermore, the
subsequent deposition of metals makes it possible to grow heterostructures without breaking
the vacuum. In such a way, TaS2/MoS2 slabs with sharp interfaces could be deposited, illus-
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trating the possibility of TaS2 as a semi-transparent electrode. Albeit heterostructures and
mixed TMDC crystals and monolayers have been grown before by various methods, the fabric-
ation using PTD highlights the facile and controllable growth in a UHV environment. In the
future, the method at hand will allow the introduction of impurities, e.g. for doping or the con-
trolled study of defect sites. These impurities can be observed for example by low temperature
PL. Not only the substrate, but also adsorbed gas molecules influence the TMDC properties.
Therefore, the growth and subsequent study of TMDCs without breaking the vacuum allow for
a deeper insight into the intrinsic TMDC characteristics. PTD is a first step towards this direc-
tion. More control over the crystallinity and knowledge of the growth mechanism is, however,
needed. Soda lime glass as growth substrate was shown as an example to improve MoS2 grain
size, but as-deposited monolayers lacked air-stability. An explanation for this is still missing
and a deeper understanding is needed on how the substrate influences the TMDC growth.
Moreover, DR spectra of MoS2 and WSe2 were investigated on five different substrates with
varying dielectric constants. By using the transfer matrix method, it was possible to extract
the exciton transition energies also for multilayer and non-transparent substrates. The energy
of the A exciton was found to slightly red-shift with increasing dielectric constant, an effect
predicted by theory [14]. The shift is only small since both the band gap as well as exciton
binding energy are affected simultaneously and almost equally by the dielectric screening of
the surroundings. The presented optical investigations by DRS in combination with PES allow
for the experimental determination of the relevant energies in dependence of the surroundings.
This was exemplarily shown for sapphire and gold as the substrates. A clear reduction in the
exciton binding energy and the band gap could be observed for the TMDC samples deposited
on Au. While the principal theory of screening in two-dimensional materials can be found
in literature, there are some open questions regarding the value of the surrounding dielectric
function. These could be tackled and tested with an expanded combination for PES and
DRS measurements. DRS allows further investigation of the complex dielectric function of
TMDCs at low temperatures. Especially in conjunction with low temperature PL, it helps
in understanding the emission and absorption processes with respect to defects and trions
and the influence therein of the underlying substrate. In particular, when investigating small
flakes or non-transparent substrates, DRS in combination with a microscope setup is a versatile
technique to study the optical properties of TMDCs.
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5 Excited state charge transfer in a hybrid
MoS2/H2Pc system
In this chapter the findings presented in the publication Excited-State Charge Transfer Enabling
MoS2/Phthalocyanine Photodetectors with Extended Spectral Sensitivity [39] by N. Mutz, S.
Park, T. Schultz, S. Sadofev, S. Dalgleish, L. Reissig, N. Koch, E. J. W. List-Kratochvil and S.
Blumstengel are shown. The author contributed through the measurement and analysis of PL,
absorbance, AFM images and fabrication of the hybrid samples. PES and XPS were performed
and analysed by S. Park and T. Schultz in the group of N. Koch. S. Sadofev prepared MoS2
samples. S. Dalgleish conveyed the TMDC transfer as well as the photoconductor design and
measured and analysed PAS together with L. Reissig. E. List-Kratochvil and S. Blumstengel
contributed to the analysis and interpretation of the data. S. Blumstengel and N. Mutz collected
all the data and wrote the manuscript. All authors contributed to the final manuscript. The
following chapter deepens the view on the properties of the individual materials as well as the
combined system.
After the introduction of two-dimensional transition metal dichalcogenides (TMDCs) in the
previous chapter, this chapter will cover the combination and interaction of the inorganic TM-
DCs with organic molecules. The effect of molecules on the photoluminescence (PL) of the TM-
DCs will be extended. The motivation of bringing monolayer TMDCs and organic molecules
together is the same one as for hybrid inorganic/organic systems with conventional three-
dimensional semiconductors. An enhanced functionalisation is pursued by utilising charge
transfer, carrier separation or energy transfer at the hybrid interface. The advantage of mono-
layer TMDCs is that they consist solely of surface without bulk due to their reduced thickness.
They offer the prospect of being merged with organic materials for flexible opto-electronic
devices. For instance, the organic molecules can serve as dopants, form diode structures with
the TDMCs, enhance overall PL or absorption. The following chapter will introduce these
aspects in more detail, using the review papers [179, 229] as starting point. Then, the ex-
perimental studies performed on TMDC/organic molecule heterostructures will be discussed.
The main focus of this chapter lies on the MoS2/Phthalocyanine system. Finally, preliminary
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results of another TMDC/molecule structure will be shown in the last section.
5.1 Hybrid TMDC/organic systems - an overview
One important aspect when investigating the interface of two dissimilar materials is the align-
ment of their energy levels with respect to each other. In dependence on how the energy
levels are aligned, different behaviour can be expected such as charge transfer and electron-
hole separation or their accumulation. Therefore, before discussing the specific TMDC/organic
heterostructures, a brief, but more general view is given regarding energy level alignment.
5.1.1 Energy level alignment
Energy level alignment describes how the highest occupied molecular orbital (HOMO) (or
valence band (VB)) and lowest unoccupied molecular orbital (LUMO) (or conduction band
(CB)) of two materials arrange to each other energetically. Thermal equilibrium is established
when the two materials are brought into contact. An important measure here is the work
function, that is the energy needed to remove an electron at the Fermi level to the local
vacuum level just outside the solid. In that sense it is a surface related quantity only [230,
231]. The work function can be regarded as a combination of the bulk chemical potential µ and
interface (surface) related potential changes caused by band bending and an interface (surface)
dipole [232]. There exist some concepts to predict how the energy levels of two heterogeneous
materials align when brought into contact. The simplest models are the Schottky-Mott and
Anderson’s rule for metal-semiconductor and semiconductor-semiconductor heterostructures,
respectively. Both models take the equilibration towards a common chemical potential of the
two materials in contact into account. But they consider the electron affinity and ionisation
energy of the two materials when not in contact. The drawback of these models is that they do
not consider any interfacial layer possibly existing between the two materials nor any density
of states (DOS) inside the band gap [2, 233]. These states can lead to a pinning of the Fermi
level. Provided a large enough density of these states, thermal equilibrium through charge
transfer can be established with only small changes in the chemical potential. The DOS within
the gap region can have different origins. Among these are tailing of the Gaussian DOS in the
case of organic semiconductors [234], surface/interface states and metal induced gap states,
dangling bonds, states caused by adsorbates, etc. [232, 233]. As a consequence of the above
mentioned, tabulated values for the energy levels of different materials can serve as a starting
point, but can only give a limited insight into the real energy level alignment. This needs to be
measured experimentally. Irrespective of the reason for the resulting energy level alignment,
mainly two types of semiconductor heterostructures are distinguished and shown in figure
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Figure 5.1: Example of energy level alignment at the interface of two dissimilar materials. (a)
A type I structure is shown between the left and the middle material. The material
in the middle and the right one form a type II heterojunction. In this case, but
not in general, the vacuum levels (Evac) are aligned. The case of not aligned Evac
is shown in (b) where an upward band bending and an interface dipole (ID) are
schematically drawn. EF describes the Fermi level (chemical potential µ) with
Φ as the workfunction. χ and IE are the electron affinity and ionisation energy,
respectively. Electrons are depicted as e− and holes as h+.
5.1. Type I (straddling) heterostructures are interesting for light-emitting applications. For
these structures, the conduction and valence band of one of the materials are both within the
band gap of the other one. Electrons and holes can, therefore, accumulate in the smaller gap
material. Type II heterostructures are characterised by a staggered energy level arrangement,
so that only either CB or VB are within the band gap of the other material. This is useful for
the separation of electron and hole at the interface in photovoltaic or sensor applications.
5.1.2 TMDC/organic heterostructures - literature overview
The combination of monolayer TMDCs with organic molecules aims in two ways at enhancing
the function of the TMDCs. One route is to improve the intrinsic properties of the monolayers
itself. This can for example be done by passivating or curing defects and thereby increasing
charge carrier mobilities or PL quantum yield. Another possibility is to dope the TMDC
which increases room temperature conductivity. The other idea is to build heterojunctions
where both materials contribute synergistically to the device function. A literature overview of
the two ideas of what can be and has been done will be described in the following. Due to the
vast amount of recent literature, only the most relevant one for this thesis will be presented.
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As aforementioned, the majority of point defects in TMDCs are chalcogen vacancies. Mo-
lecules containing sulphur groups were shown to selectively bind to S-vacancies in MoS2 [161,
235–237]. Different reaction pathways of the thiol-group representing molecule methanethiol
(CH4S) with sulphur vacancies were studied by Förster et al. [238] using density functional
theory (DFT). It was found that the repair of sulphur vacancies is exothermic with only a low
activation barrier. While the subsequent release of CH4 from the MoS2 lead to a restoration
of the pristine band structure and Fermi level, the route where CH3S was still attached to the
sulphur vacancy did not restore the Fermi level. This might hint to the necessity of removing
any groups of the attached sulphur in order to complete defect healing. An increase in mo-
bility through the healing of sulphur vacancies was observed in [161] and an enhancement in
PL through thiol functionalisation was seen in [237]. Besides the repair of sulphur defects, the
attachment of functional thiol groups was also used to shift the valence band position and work
function by a few hundred meV [239] through charge transfer and introduction of a perman-
ent dipole. Additionally, Sim et al. [240] treated MoS2 with electron donating and accepting
molecules which formed a self-assembled monolayer. An n- and p-type doping induced by the
electron donating and withdrawing molecules, respectively, was inferred from PL and field-
effect transistor (FET) measurements with an increase in electron density by ∼50% for n-type
and a decrease by ∼25% for p-type doping. Doping was also investigated with other acceptor
and donor molecules as described in the previous chapter with the observed changes in PL and
FET characteristics [179, 229]. Charge transfer causes a shift in the TMDC energy levels. For
example, electron transfer to the acceptor molecules C60F48 [241] and F6TCNNQ [242] was
found to increase the TMDC work function and induce p-type doping. It was also observed
that the underlying substrate plays an important role in the shift of the energy levels and
the final energy level alignment, for example, by direct electron transfer from the underlying
substrate to the acceptor molecules.
Manipulation of the energy levels leads to the other advertised hybrid structure. Or-
ganic/TMDC heterojunctions were studied with different small molecules and polymers already
utilised in all-organic or other hybrid devices. Among these are C60 [243–245], pentacene [246–
248] and tetracene [249], PTCDA [250–255], rubrene [256], PTB7 [257–260], C8-BTBT [261],
rhodamine 6G [262, 263], TDBC [264] and phthalocyanines [12, 17–20, 265–273]. Herein, the
phthalocyanines will be discussed further below in more detail in context of the discussion of
the experimental findings of this thesis. In the case of C60 a type II energy level alignment was
predicted theoretically between an MoS2 monolayer and C60 with only small energy offsets
which increased when exchanging MoS2 with WS2 [243]. MoS2/C60 and WS2/C60 composites
haven been investigated by Baek et al. [245] and an increased charge separation after light
excitation was found from time-resolved microwave conductivity experiments in the composites
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as compared to the sole TMDCs. In their experiments, multilayer TMDCs fabricated by liquid
exfoliation were used and were let to form aggregates with C60 in solution before film formation.
To study the fundamental interaction at the hybrid interface, a more controlled deposition is
needed, for example by vacuum deposition. This was done in the case of a pentacene/MoS2
p-n junction with type II energy alignment which showed a photovoltaic effect [246]. Betis
Homan et al. [247] found experimentally that excited charge transfer is fast. Transfer times of
an excited hole from MoS2 to pentacene were only a few ps. Similar observations have been
made at the WS2/tetracene interface with electron (from tetracene to WS2) and hole (from
WS2 to tetracene) transfer times again of a few ps [249]. A type II energy level alignment was
presumed from literature values of the separated constituents, but not measured. The electron
and hole at the interface will form a so-called charge transfer (CT) exciton. The authors at-
tributed an additional PL peak only visible in the hybrid sample below the band gap of both
materials to a CT exciton. The effective PL lifetime of this CT state was substantially larger
(≈ 2 ns compared to 500 and 100 ps for excitons in WS2 and tetracene, respectively) owed to
the larger spatial separation. PTCDA is another small molecule often used in organic FETs
and which was combined with TMDCs. Energy transfer from PTCDA to MoSe2 was studied
by Gu et al. [251]. An increased PL intensity and PL decay time of MoSe2 together with
a quenching of the PTCDA PL point towards energy transfer measured at around 30 % in
efficiency. No energy level alignment was, however, given by the authors. A photodiode based
on a vertical WS2/PTCDA junction was looked at in [253]. A photoresponse stemming from
both WS2 and PTCDA was found as well as PL quenching of both materials. Charge transfer
and subsequent electron and hole dissociation was concluded. The MoS2/PTCDA interface
was studied in [255] and [254]. Wang et al. [255] looked at the electrical current modulation
in a FET configuration and a synaptic behaviour of the source-drain current with gate voltage
was observed. Obaidulla et al. [254] looked at the PL of the heterostructure. An enhanced
emission intensity and a more ordered growth of PTCDA on MoS2 was seen but the explana-
tion as well as their proposed type II energy level alignment need further consideration. The
polymer PTB7 was used in conjunction with MoS2 and fast charge transfer on the order of
hundreds of fs to a few ps was found [257–260]. The proposed energy level alignment here
again is of type II, although not directly measured of the two materials in contact. A study
was performed by Cheng et al. [264] investigating energy transfer from J-aggregates of the
cyanine dye TDBC to MoS2. By varying the distance with sheets of h-BN, a transfer radius
of approximately two nm was obtained.
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5.2 Hybrid TMDC/organic systems - experimental results and
discussion
In this section, the experimental findings of metal-free phthalocyanine (H2Pc) interfaced with
MoS2 obtained during this thesis will be discussed. The focus of the first part will lie on
existing literature of MoS2/Pc structures before discussing the experiments. At the end of this
section, an outlook with preliminary results will be shown for other hybrid TMDC/molecule
structures.
5.2.1 Why TMDC/Pc heterostructures?
Phthalocyanines (Pc) are small π-conjugated molecules. The chemical structure of H2Pc is
shown in figure 5.2, which was used in this thesis. Metals can be incorporated into the centre
to tailor its electronic and optical properties. Pcs are of interest for organic photovoltaic and
dye sensitised solar cell applications due to their high extinction coefficient in the red to near
infrared spectral region. They possess good chemical stability, can be sublimed in vacuum and
chemically modified to render them more soluble or influence the packing and crystallisation
in the solid state [274, 275]. Utilisation of Pc derivatives in cancer treatment [276] and in
combination with organic/inorganic perovskite solar cells as hole transport layer has been
considered as well [277]. The first investigations of Pcs in combination with TMDCs were
performed in the late 1980s with the study of CuPc deposited on freshly cleaved MoS2 bulk
crystals [278]. Motivated by the so-called van der Waals epitaxy, developed by Koma et al. in
the mid 1980s [279], it was shown that CuPc grows with its own lattice constant and molecularly
flat on MoS2. Due to the weak van der Waals interaction between substrate and molecules, the
electronic structure of the organic molecules was expected to be largely preserved in ultra-thin
films which triggered more fundamental research [280–283]. More recent studies focused on
monolayer TMDCs in combination with thin Pc films pursuing application in device geometries.
A vertical heterojunction consisting of mono- and bilayer MoS2 with a 30 nm thin film of CuPc
was shown to display diode behaviour and a photovoltaic effect [17]. The molecular layer faced
the light source and most of the electron-hole pairs were produced in the CuPc layer. After
diffusion to the interface, charge separation was then attributed to happen at the CuPC/MoS2
junction. Similar observations were made in a multilayer MoS2/CuPc FET configuration [271].
The same authors reported on a reduction of the persistent photoconductivity present in MoS2
FETs on SiO2/Si in ambient air after deposition of CuPc [272]. This effect was explained by
a combination of the passivation of MoS2 against adsorbed oxygen which acts as an electron
trap and the faster electron-hole recombination within and at the interface of MoS2 and CuPc.
Similar observations of a faster photoresponse of MoS2 after the deposition of ZnPc were also
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Figure 5.2: Chemical structure of metal-free phthalocyanine H2Pc on the left and metallated
phthalocyanine (MPc) on the right. Various metals like Zn, Cu, Mg, Ni, Fe, etc.
can be incorporated.
made by Huang et al [12]. Persistent photoconductivity in MoS2 phototransistors ranging from
several seconds up to hours has been reported [172, 174, 284–289]. The term refers to a higher
conductivity of the MoS2 channel with illumination even after the light is turned off. It has
been ascribed to long-lived electron trapping and release by oxygen and water adsorbates and
interface traps between substrate and MoS2 [284, 287, 290–292].
With the observations of some electrical properties of the Pc/MoS2 heterojunction by Valez
et al. [17] and Pak et al. [271], more studies were devoted to the better physical understanding
of the Pc/TMDC interface. Choi et al. [265] investigated mechanically exfoliated MoS2, MoSe2
and WSe2 in combination with NiPc and MgPc. A decrease in PL intensity for WSe2 after
deposition of both NiPc and MgPc was observed. MoSe2 showed only a decrease for NiPc
and MoS2 for neither of the two Pcs. The authors explained this behaviour with photoexcited
electron transfer from the TMDC to the Pc. In the case of WSe2, the conduction band lies
above the LUMO of both Pcs. On the other hand, the CB of MoSe2 lies in between the LUMO
of NiPc and MgPc, whereas the CB of MoS2 lies below the LUMO of both Pcs. Excited electron
transfer is only favourable if the CB has a smaller energy (referenced to the vacuum) than the
LUMO. No energy level alignment of the two materials in contact were, however, measured and
literature values were taken as a reference. Charge transfer in the ground state was also looked
at. No signatures were found in Raman and core level spectroscopy. A higher photocurrent
for the TMDC/Pc systems, which showed PL quenching as compared to the pure TMDC, was
reported in photoconductive atomic force microscopy (AFM) measurements and attributed to
an enhanced charge separation. Excited state charge transfer was also studied by Kafle et al.
[18, 268] between ZnPc and bulk as well as monolayer MoS2. A fast decay of the ZnPc S1
state for a thin ZnPc film in the hybrid structure of less than 100 fs was observed for both bulk
and monolayer MoS2. This is much faster than what was found for a 10 nm thick ZnPc film
that can be regarded as probing ZnPc only. In both investigated cases of bulk and monolayer
MoS2, a type II energy level alignment with the HOMO at smaller binding energy than the
VB was derived from ultraviolet photoelectron spectroscopy (UPS) measurements. The CB
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and S1 states were taken from literature and optical experiments, respectively. Hence, the fast
decay was explained by efficient excited electron transfer from ZnPc S1 to the MoS2 CB. For
bulk MoS2 as the substrate, a fast spin flip and back transfer to the T1 state in ZnPc of the
electron was observed. In the case of monolayer MoS2 such a mechanism was not found. Here,
the delayed population of a new state was seen at approximately 1.2 eV and interpreted as the
hybrid charge transfer (CT) state at the organic/inorganic interface. The difference between
bulk and monolayer MoS2 was explained by a larger band bending of ZnPc on the bulk MoS2
which confines the hole in ZnPc closer to the interface. Also, the faster spin flipping in bulk
MoS2 and fast separation of the transferred charges away from the interface for monolayer
MoS2 were invoked. Fast electron transfer (ca. 10 fs) from ZnPc to MoS2 was also predicted
theoretically [269]. In a study by Padgaonkar et al. [19] charge transfer in a CuPc/MoS2 and
H2Pc/MoS2 heterostructure was investigated by transient absorption spectroscopy. Excited
state electron transfer from CuPc and H2Pc to MoS2 was < 320 fs when exciting only the Pc
molecules. Fast dynamics (≈ 800 fs) were also found for selective excitation of the MoS2. A
combination between hole transfer from MoS2 to the Pcs and resonance energy transfer from
MoS2 to the Pcs with subsequent electron back-transfer was proposed. A difference between
CuPc and H2Pc was found in the recombination time of the transferred charges. While both,
CuPc and H2Pc, feature a time constant of around 4 ns, CuPc additionally showed a long
lifetime component of 70 ns. An explanation given was that CuPc lies preferentially flat and
stacks in a ππ-like fashion which improves hole migration away from the interface while H2Pc
grows in a mixed flat and upright manner. Both of these cited studies show that fast charge
transfer processes occur at the Pc/MoS2 interface. Together with the observations made for
a reduction of the response time in FET phototransistors, the Pc/MoS2 heterostructure is
shown to be of relevance for sensing or photovoltaic applications. However, a few questions
remain open and need more consideration. For one, in the studies by Kafle et al. [18] and
Huang et al. [12] UPS was measured to obtain the MoS2 VB and ZnPc HOMO positions,
but the LUMO of the organic molecules was taken from optical measurements. This is of
importance since large exciton binding energies are expected in TMDCs and phthalocyanines.
Secondly, Amsterdam et al. [20] reported on an additional absorption feature slightly lower in
energy than the absorption of the molecule. This was attributed to the charge transfer (CT)
exciton of an electron in the MoS2 CB and a hole in the Pc HOMO. A CT exciton is a bound
state between an electron and a hole each located on opposite sides of the heterointerface. It
forms when both electron and hole are spatially confined at the interface. The CT exciton
can dissociate or recombine and therefore limit for example photocurrent generation in such
heterostructures [293]. Usually these states have much lower oscillator strength and do not
give a large absorption signal. Therefore, the measurement of the energy levels can test this
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interpretation. As a third point, albeit larger photocurrents were measured in the hybrid
structure compared to the neat MoS2 [265, 271], direct proof was not shown that the transferred
excited electrons can indeed contribute efficiently to the photoconductivity. A better knowledge
of these points will therefore help understand the underlying physical interactions in the hybrid
TMDC/Pc system better. Additionally, understanding this particular system can help tailoring
the optoelectronic properties of similar hybrid structures.
5.2.2 Excited state charge transfer at the MoS2/H2Pc interface
For the experiments performed within this thesis, a system consisting of MoS2 and H2Pc was
chosen. The reason for using MoS2 is that it is the most frequently used TMDC in FET
and photoconductor devices rendering it comparable to literature. Additionally, MoS2 has the
largest electron affinity of the four TMDCs [294] which makes it more likely that a type II
heterostructure with H2Pc will be formed. The metal-free H2Pc was chosen since it shows a
smaller intersystem crossing rate to the triplet state compared to the metal Pcs, like CuPc.
Therefore, H2Pc has a higher PL quantum yield making it easier observable in PL experiments
for studying decay dynamics [19, 295].
In order to establish the energy level alignment at the MoS2/H2Pc interface and to gain un-
derstanding in possible transfer mechanisms, photoelectron (PES) and inverse photoelectron
spectroscopy (IPES) was performed. The MoS2 monolayer on SiO2 was a commercially pur-
chased closed layer (2D Semiconductors). Prior to the measurements, the MoS2 was annealed
overnight at 300 °C in ultrahigh vacuum to evaporate any residual water, minimise the influ-
ence of oxygen adsorbates and obtain a clean surface. The VBM and CBM of MoS2 without
molecules were measured at the K-point in k-space to observe the direct band gap. For the
consecutive deposition of H2Pc on MoS2, the HOMO and LUMO position was measured at
the Γ-point, since band-dispersion of H2Pc is negligible. Additionally, any shift in the energy
levels of MoS2 due to an interface dipole would affect all the levels equally. Band distortion is
expected to play only a minor role as it was not observed in a heterostructure of MoS2 with
the molecule F6TCNNQ. This acceptor molecule is expected to interact much stronger with
MoS2 than H2Pc [242]. Figure 5.3 shows the results of the UPS and IPES measurements. The
ionisation potential and electron affinity of sole MoS2 at the K-point are 5.7 eV and 3.6 eV,
respectively. This leaves the band gap energy to be 2.1 eV. The workfunction is at 3.9 eV, i.e.
300 meV below the conduction band minimum reflecting the often observed n-type doping of
MoS2. A slight shift of 80 meV is seen in the workfunction upon growth of H2Pc molecules
which saturates after 0.5 nm H2Pc were deposited. At this coverage, the HOMO level can be
observed at 0.9 eV below the Fermi level. No shift in the HOMO was seen for further depos-
ition of molecules up to 2 nm. The LUMO level was probed by IPES. The resulting ionisation
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Figure 5.3: PES and IPES measurements of MoS2 with increasing H2Pc thickness. (a) Sec-
ondary electron cut-off used to determine the workfunction. (b) VB and CB and
HOMO and LUMO of MoS2 and 2 nm H2Pc on MoS2. The VB/CB was measured
at the K-point while the HOMO/LUMO was recorded at normal incidence (Γ). CB
and LUMO were deconvoluted for a more accurate determination of the energies
(dashed lines). (c) Evolution of the valence features upon deposition of H2Pc at Γ.
No shift in the H2Pc HOMO was seen for 0.5 and 2 nm thickness. Adapted from
[39].
potential is 4.9 eV and the electron affinity is 2.7 eV for 2 nm H2Pc giving a HOMO-LUMO
gap of 2.2 eV, slightly larger than the band gap energy of MoS2 on SiO2. These values agree
with literature values [296]. The tiny shift in the workfunction after deposition of H2Pc is a
sign of negligible charge transfer between MoS2 and the organic molecules in the ground state.
A conclusion substantiated by measuring the core levels via X-ray photoelectron spectroscopy
(XPS). Again, no shift of the MoS2 levels nor the H2Pc levels for increasing thickness was
observed. As a consequence, the energy level alignment is well represented by the Schottky-
Mott rule, i.e. vacuum level alignment. That means, at least up to the measured thickness,
negligible formation of an interface dipole or band bending in the H2Pc film is observed. In
the works by Huang et al. [12] and Kafle et al. [18], ground state charge transfer was observed
for ZnPc deposited on MoS2. Huang et al. showed a shift in the Mo 3d and S 2p core levels
to lower binding energy upon deposition of ZnPc. Additionally, a shift in the VB closer to the
Fermi level is observed with increasing ZnPc coverage. Both was interpreted as a depletion of
excess electrons by ZnPc. This conclusion was supported by an increase in the ratio of free
exciton to trion PL emission, a sign usually attributed to p-doping of MoS2. However, no,
or only a much smaller, change in the workfunction was seen implying a reduced ionisation
energy or a reduced band gap. Further, ITO was used as a conducting substrate in their UPS
and XPS measurements to reduce sample charging. Yet, an influence of the substrate on the
underlying charge transfer mechanisms has been observed recently, in particular for conducting
substrates [242]. These two points were not discussed by the authors and need to be taken into
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Figure 5.4: Core level spectra probed by XPS for 0, 0.5 and 2 nm H2Pc on MoS2. No shift
in the core levels of MoS2 (Mo 3p3/2) or H2Pc (N 1s) was observed (modified from
[39]).
consideration for the interpretation of ground state charge transfer. In the study by Kafle et
al., a shift in the HOMO position upon incremental deposition of ZnPc was seen and attrib-
uted to upwards band bending in the ZnPc layer towards the interface which implies rather an
electron donating effect of ZnPc. Unfortunately, the change in workfunction for the individual
deposition steps of the molecule is not apparent in their publication. It needs to be noted that
in both these publications, the ZnPc molecules are deposited differently on the MoS2. While
Huang et al. immersed an MoS2 monolayer in a solution of ZnPc dissolved in chloroform, in the
study by Kafle et al. the molecules were sublimed in an ultra-high vacuum (UHV) chamber.
Although in both cases ground state charge transfer might occur according to their data, some
more detailed studies would be needed with incremental deposition of ZnPc. In the results of
H2Pc on MoS2 presented in this thesis, no sign of ground state charge transfer is seen. On the
other hand, the type II energy level alignment as depicted in figure 5.5 renders excited state
charge transfer energetically possible. With a VB/HOMO and a CB/LUMO offset of 0.9 eV
and 1.0 eV, respectively, efficient hole transfer from the MoS2 VB to the H2Pc HOMO and
electron transfer from the H2Pc LUMO to the MoS2 CB become likely.
In order to look more into the details of the interaction at the interface of the excited states
of the two materials, PL experiments were performed. Figure 5.6(a) shows the absorbance and
PL spectra of individual MoS2 grown on quartz by pulsed thermal deposition and the spectra
of a 15 nm thick film of H2Pc on quartz, normalised for better visibility. The molecules were
deposited in a UHV chamber and the thickness was measured ex-situ by AFM to determine the
tooling factor. PL and absorbance of the MoS2 shows the typical A and B excitonic features.
The PL of the A exciton is at 1.89 eV and the A and B exciton transitions in absorbance are
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Figure 5.5: Resulting energy level alignment at the interface of MoS2 and H2Pc (redrawn from
[39]).
found at 1.90 eV and 2.05 eV. The absorption of H2Pc features two main bands as typical for
phthalocyanines and the related porphyrins. In the violet to near UV region, the Soret- or
B-band can be seen emerging around 3 eV. The Q band is found in the visible region of the
light spectrum between 1.7 eV and 2.2 eV with two distinct peaks at 1.78 eV and 1.94 eV.
These values agree well with absorption spectra of H2Pc thin films found in literature of the
so-called α-phase [297, 298]. H2Pc exhibits a broad emission between ca. 1.2-1.7 eV peaked at
1.4 eV. An exciton binding energy of the MoS2 A exciton on SiO2 of 200 meV and 420 meV
for H2Pc is calculated from the absorption spectra and the PES measurements. These values
are still smaller than the energy of the band offsets, making the dissociation of excitons and
subsequent charge transfer energetically possible. PL and absorbance spectra of the hybrid
sample of a nominally 1 nm thin film on MoS2 are shown in figure 5.6(b). In PL, both the
emission from MoS2 and H2Pc can be observed at 1.89 eV and 1.42 eV, respectively. For
MoS2, a broadening but no shift in the emission spectrum is seen, while H2Pc shows a slight
red-shift of 30 meV. Whereas the PL spectra only show minor changes, the hybrid sample
shows a qualitatively different absorption spectrum than the individual ones. In particular,
the spectral region below 1.85 eV is modified where only the H2Pc molecules absorb light.
Figure 5.7(a) shows this region in more detail. The hybrid absorption is depicted in blue and
the MoS2 monolayer absorption, before deposition of H2Pc molecules, in red. The green line
represents the difference between these two spectra and the broken line is the H2Pc reference
for comparison. As can be seen, the absorption in the hybrid sample is extended further into
the red than both the references. An additional feature appears around 1.72 eV. These results
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Figure 5.6: (a) Normalised PL and absorbance of an MoS2 monolayer (red) and a 15 nm thick
H2Pc (green) film on SiO2 (b) PL and absorbance of the same MoS2 monolayer as
in (a) with 1 nm H2Pc deposited on top. The PL is only slightly changed. The
absorbance shows the additional contribution of H2Pc as seen in the spectral region
around 1.75 eV where only H2Pc absorbs. Adapted from [39].
are very similar to what Amsterdam et al. [20] found for the absorption of different non-metal
and metal phthalocyanines on MoS2. It was proposed by the authors to correspond to a direct
charge transfer exciton absorption between the H2Pc HOMO and the MoS2 CB. The absorption
energy should therefore correspond approximately to the energy difference between HOMO and
CB. This value is 1.2 eV as measured by PES. The energetic difference is much lower in energy
than the additional absorption feature around 1.7 eV. Rather, the value of 1.2 eV corresponds
well to the observation of an additional excited state at the MoS2/ZnPc interface which was
assigned to a relaxed CT state [18]. Also, for charge transfer states in other systems, it is
known that they usually exhibit much lower oscillator strength due to their spatially indirect
nature compared to the direct transitions [6]. In the present system the absorption at 1.7
eV is however comparable to the H2Pc reference one. Under these considerations and the
PES measurements, the additional absorption feature is not attributed to a CT state. H2Pc
molecules can arrange in various phases in the solid state. The most frequently observed ones
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Figure 5.7: (a) Close up of the absorbance shown in 5.6(b). The reference absorbance spectra
of MoS2 and 1 nm H2Pc on SiO2 are shown as dashed lines. The difference spectrum
between the hybrid sample (blue) and the MoS2 refernce (red) is displayed in violet.
(b) Difference in stacking of H2Pc in the α- and β-polymorph.
are the α- and β-phase [299]. Both polymorphs differ in the stacking angle with respect to the
growth axis. Figure 5.7(b) shows the arrangement of the molecules in the α- and β-phase. The
α-phase is usually obtained for a growth at room temperature and can be transformed to the
β-phase, for example, by subsequent annealing. The β-polymorph can be distinguished by a
red-shifted absorption as compared to the α one. Also, a larger intensity ratio of the lower to
higher energy peak of the Q-band can be observed [300, 301]. Taking the different polymorphs
of H2Pc thin films into account, the stacking of the H2Pc molecules might be different on
MoS2 and the SiO2 substrate used as a reference. The H2Pc β-phase exhibits a red-shifted
absorption, similar to what was observed here. It was reported that H2Pc grows flat lying
on the van der Waals substrate hBN in the first monolayer, but tends to develop needle-like
structures for larger molecular coverage [302]. This elongated growth mode is preferably found
for the H2Pc β-polymorph [298]. Zhang et al. [184] reported on the change in morphology
of CuPc grown on MoS2 after air-exposure. They concluded that the CuPc molecules first
grow in a face-on orientation and then adopt a more upright orientation when exposed to air.
The additional absorption feature cannot unambiguously be correlated to the β-polymorph
from the presented experimental results. AFM images also do not show needle-like aggregates
(figure 5.11). Nonetheless, a mixture between different phases seems likely but a more thorough
growth study is needed here.
Energy and charge transfer processes between the two materials will lead to a change in the
dynamics of the excited state. Therefore, as a next step, time-resolved PL measurements were
performed (figure 5.8). Charge or energy transfer from one material to the other after excitation
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τref = 217 ps
τhyb = 34 ps
Figure 5.8: PL decay of a 1 nm thin H2Pc film on SiO2 (green) and on MoS2 (blue). Fitted
averaged decay times are given. The IRF is shown in grey (adapted from [39]).
will lead to a shortening of the PL decay time. Considering the overlap of the MoS2 PL and the
H2Pc absorption together with the energy level alignment, both non-radiative resonance energy
transfer as well as hole transfer from MoS2 to H2Pc can occur. Since the PL decay of MoS2 is
too fast to be distinguished from the instrument response function already in the reference, only
the dynamics of H2Pc can be probed. The H2Pc PL does not show any overlap with the MoS2
absorption but excited electron transfer from the LUMO to the CB is energetically feasible.
Hence, time-correlated single photon counting of a 1 nm thin H2Pc film on SiO2 and on MoS2
was measured. A shortening of the H2Pc PL decay time is observed when it is deposited on
MoS2 compared to the film on SiO2. This is an indication for the dissociation of the H2Pc
excitons. The transients were modelled by a two-component exponential function. An average
lifetime for H2Pc on SiO2 of τref = 217 ps is found which reduces to τhyb ≤ 34 ps in the hybrid
sample. This results in an effective exciton dissociation time of τdis =
τrefτhyb
τref−τhyb = 40 ps and
an efficiency of η = 1− τhybτref = 0.85. Here, the decay time of H2Pc in the hybrid sample is
given as an upper limit since a faster component cannot be resolved as the decay is close to
the instrument response function (IRF). Fast exciton dissociation and electron transfer on the
order of 100 fs have been found at the ZnPc/MoS2 and CuPc/MoS2 interface [18, 19]. The
effective dissociation time found here includes also exciton diffusion from molecules further
away from the interface.
So far, a quenching of the H2Pc excitons is observed and associated to the transfer of the
excited electron in the molecule’s LUMO to the MoS2 CB. This electron can form a charge
transfer state with a hole in the HOMO of H2Pc. The CT state can recombine radiatively
or non-radiatively at the hybrid interface or dissociate and result in a separated electron and
hole. If efficient dissociation occurs, the separated charges can contribute to photoconductivity
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Figure 5.9: (a) Schematic of the hybrid MoS2/H2Pc photodetector (modified from [39]) (b)
Microscope image of an MoS2 device without H2Pc. Here, two fingers are shown,
one which is covered (top, black outline) with MoS2 and one empty one (lower).
or -current which is desired in a sensor or photovoltaic device. Therefore, in order to test if
the transferred charges can be used in that way, photocurrent action spectroscopy (PAS) was
performed. In this technique, the excitation light is modulated by a mechanical chopper at a
certain frequency and the photocurrent is amplified with a lock-in amplifier. In such a way,
only the current related to the modulation frequency of the illumination is measured. This
results, on the one hand, in an improved signal-to-noise ratio and, on the other hand, sup-
presses the persistent photoconductivity present in MoS2 devices. The MoS2-based detectors
used in this study were fabricated from commercially purchased CVD-grown monolayer MoS2.
As a dielectric substrate, a layer of a benzocyclobutene (BCB)-based polymer was deposited
by spin coating from toluene solution onto an SiO2 substrate. BCB is used as a raisin in
microelectronics. Here it was taken to minimise electronically active traps in SiO2 which could
influence the MoS2 photoconductivity [172, 229]. After the deposition of the BCB layer, the
gold electrodes were deposited in a vacuum chamber through a shadow mask. The resulting
channel length and width were 30 µm and 1 mm, respectively. The monolayer was positioned
via a polystyrene-based wet transfer process on prefabricated electrodes [26]. The schematic
detector design is shown in figure 5.9 with a microscope image of a resulting device. For the
hybrid device, a nominally 3 nm thin film of H2Pc was thermally evaporated in vacuum onto
the whole device with the positioned MoS2 monolayer. A source-drain bias of 10 V was ap-
plied to register the photocurrent. The response of the photodetector was derived by dividing
the current by the power of the excitation light at each wavelength. Figure 5.10 displays the
normalised photoresponse of an MoS2-only reference detector and a hybrid H2Pc/MoS2 one.
Normalisation was done at the energy range where H2Pc does not absorb (≈ 2.5 eV) to com-
pare only the additional photoconductivity induced by the H2Pc layer. A clear increase, but
also an extension of the spectral response of the hybrid photodetector to lower energy values,
can be seen when compared to the MoS2 reference. As apparent from the red curve in the
figure, the photoresponse of the MoS2 reference directly mimics the absorption spectrum with
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Figure 5.10: Normalised photoresponse of an MoS2 reference photoconductor (green) and a
hybrid device (blue). The difference of these two spectra is shown in green which
clearly resembles the H2Pc absorption (adapted from [39]).
the typical A, B and broad C excitonic features. The hybrid sample shown in blue demon-
strates additional peaks. They stem from H2Pc as becomes clear when subtracting the MoS2
reference from the hybrid response, as displayed in green. Both the Q-band from around 1.6
to 2.3 eV and the Soret band at higher energies than ca. 3 eV can be identified. This is a
clear indication that the H2Pc molecules indeed contribute to the photoconductivity. In order
to exclude that this contribution is solely due to a photoconducting effect in the H2Pc layer
on top of MoS2 without charge transfer, a photodetector with only H2Pc was prepared. No
photocurrent could be detected in this device. In addition, to exclude that this is caused by a
difference in the morphology of the H2Pc layer grown on the MoS2 and on BCB, AFM images
were acquired. On the left side of figure 5.11 one can see the morphology of H2Pc on MoS2
and on BCB on the right side. In both cases, spherical-like particles were observed, similar
to the results of other groups [184, 298, 303]. It can also be seen that neither on MoS2 nor
on BCB a closed layer is formed. This can explain why no photocurrent was seen for the
H2Pc-only device even though it can, in principle, conduct current. In the presented case, the
discontinuous morphology is beneficial since now the total contribution of H2Pc seen in PAS
can be traced back to an excited state charge transfer. An estimation of the efficiency of the
additional photoconductivity through charge transfer can be obtained by looking at the PA
spectra (figure 5.10). The contribution of H2Pc in the region of the Q-band to the photore-
sponse is comparable to the one measured for the MoS2 reference around the A-exciton. Both
materials also absorb approximately the same amount of light in this region (figure 5.6). This
indicates that the transferred electrons contribute to the photoconductivity with roughly the
same efficiency as the electrons generated by a direct absorption process in MoS2. Here it is
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Figure 5.11: AFM of H2Pc on MoS2 and on BCB. The nominal thickness in both cases was 3
nm. The height is taken at the white line (modified from [39]).
assumed that the electron mobility in the reference and hybrid sample is the same. Therefore,
the electrons transferred from H2Pc to MoS2 can be used in an advantageous way since they
indeed contribute to the MoS2 photoconductivity.
5.3 Summary and outlook
To summarise, PES and inverse PES revealed a robust type II energy level alignment between
an MoS2 monolayer and a thin film of the organic molecule H2Pc. The energy offset between
HOMO and VB as well as LUMO and CB was found to be ∼ 1 eV. No evidence of ground state
charge transfer was found. Excited state charge transfer is however energetically favourable,
demonstrated by the efficient quenching of H2Pc excitons. Further, with the help of PAS, it was
shown that the transferred electron from the molecule’s LUMO into the MoS2 CB is not lost at
the interface. On the contrary, it contributes to the photoconductivity of the underlying MoS2.
Due to the smaller optical energy gap of H2Pc, the overall response of the hybrid detector
is extended towards lower energy. Also, an overall increase in relative photoconductivity is
manifested by the charge transfer. Further studies on this system can involve the growth and
exact stacking of ultrathin H2Pc films and their influence on the optical response. Future work
will be devoted to the detection of the CT state, which should occur at around 1.2 eV according
to PES. This can be pursued by using NIR PL or electroluminescence measurements [293].
Another interesting hybrid system, i.e. MoS2 and the molecule 2,7-Bis[9,9-di(4-methylphenyl)-
fluoren-2-yl]-9,9-di(4-methylphenyl)fluorene (TDAF), was looked at and preliminary results are
shown in figure 5.12. TDAF shows strong PL quenching in the hybrid as seen in time-resolved
measurements. The molecule absorbs in the near UV and its PL is overlapping with the MoS2
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Figure 5.12: (a) Normalised PL and absorbance of the molecules TDAF (blue) deposited on
SiO2 and the absorbance of an MoS2 monolayer (red). A large overlap between the
TDAF PL and the c-exciton absorption of MoS2 is seen. The molecular structure
is shown as well. (b) PL decay of TDAF on SiO2 and on MoS2. On SiO2, the
decay time is 226 ps whereas on MoS2 the PL decay is indistinguishable from the
IRF (grey).
absorption so that efficient energy transfer might be possible. Future work can use this as a
starting point for studying this system in more depth, similar to the MoS2/H2Pc-system. The
absorption of TDAF is interesting for sensor applications where an increased sensitivity in the
UV spectral region is desired.
The monolayer nature of TMDCs and their chemical inertness make them particularly inter-
esting to study interface phenomena. This is reflected in the study of hybrid TMDC/organic
systems by several research groups. It was shown in literature that TMDCs can serve as ideal
templates for the growth of organic molecules since defect-free TMDCs do not possess dangling
bonds. Situations where only weak van der Waals interaction between the molecules and the
underlying substrate exist is expected to occur therefore more often. Still, fast excited charge
transfer has been observed in this study as well as in the works of other groups, as described in
the beginning of this chapter. These transfer processes can, thus, compete with the ultrafast
excited state dynamics present in TMDCs. As these studies are promising also with respect
to sensor applications or in FET, there still needs to be a more thorough understanding of
underlying processes at the interface. This starts, for one, with a better knowledge of the
energy level alignment since the electronic states in TMDC monolayers are also affected by the
dielectric surrounding [229]. Additionally, the possibly reduced interaction of the molecules
with TMDCs as a growth substrate can, for example, lead to different molecular growth [252,
304]. This might lead to altered optical properties complicating comparative studies where a
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reference is needed. The presented study, together with already existing literature, highlight
that TMDCs in combination with organic molecules and polymers are promising for further
investigation. It is seen that fast processes like charge and energy transfer occur at the hybrid
TMDC/organic interface which can be utilised in flexible and semi-transparent opto-electronic
applications.
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The target of the conducted studies for this thesis was to deepen the understanding of energy
and charge transfer phenomena at hybrid inorganic/organic interfaces. The goal of utilising
these processes in possible later opto-electronic devices was always kept in mind in the design
of the experiments. Two routes for two different material combinations were explored. These
were, on the one side, non-radiative energy transfer and, on the other side, excited state charge
transfer.
Non-radiative FRET was investigated in chapter one from the already technologically relev-
ant GaN-class of materials to the solution-processable polymer Cn-ether PPV. In addition to
the studies in literature [9, 13, 47, 305], it was concluded from photoluminescence studies that
FRET not only led to an exciton transfer but that these excitons could indeed enhance the
emission of the acceptor. This was also found true for InGaN/GaN quantum well systems pos-
sessing large internal electric fields that reduce the FRET rate. These two points are relevant
from an application point of view since FRET needs to compete with the already high overall
power conversion efficiency of white LEDs which rely on radiative colour conversion (∼40 - 50
%). Moreover, the FRET scheme also works efficiently for cyan to green light emitting diodes
with higher indium content and therefore higher internal electric fields. It was, however, also
shown by temperature dependent PL measurements that the competition between the different
decay channels of the excited states need to be taken into account. In the studied system, it
was found that non-radiative pathways in the InGaN/GaN quantum well outcompeted both
radiative and FRET rates at temperatures around 130 K. These non-radiative decay channels
are defect assisted, which stem from crystal imperfections, and are in principle not inherent to
high efficiency LEDs. The challenge of implementing the FRET scheme in working LEDs is
to bring donor and acceptor materials in close proximity of a few nanometres. Although some
routes, like structuring the LEDs into pillars, are being pursued [48, 306–308], there is still
work to be done. It is hoped that this study can shed some light on the advantages of FRET
to boost colour conversion and help future work that follows this scheme.
The emerging material of TMDCs was considered as the inorganic counterpart in the second
hybrid system. TMDCs are promising candidates for ultra-thin optoelectronic applications.
TMDCs became popular only recently in the last 10-15 years. Hence, no large scale fabrication
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method exists so far to produce high quality crystals as opposed to GaN, for example. The
quality of TMDCs, especially grown by chemical vapour deposition methods, has improved in
the last years. However, an all-UHV process can bring the advantage of better growth control
which is needed to study intrinsic effects of TMDCs. Furthermore, it becomes possible to grow
heterostructures as well as alloys in one process without breaking the vacuum. This is partic-
ularly important for the fabrication of reliable devices with invariable quality. Therefore, the
easily implementable PTD method was developed in-house. Optical spectroscopy, like absorb-
ance and PL, were used as feedback. It was shown that through the resistive heating process
of a metal wire, TMDC monolayers with comparable optical properties to the monolayers ob-
tained by the more conventional CVD or mechanical exfoliation methods, could be grown. To
further demonstrate the flexibility of the PTD process, mixed Mo1−xWxS2 alloys and thin
heterostructures of TaS2/MoS2 were grown. This new method still needs more optimisation.
The grain size of the monolayers is in the order of a few ten nanometres, as compared to micro-
metres for the other processes, and needs to be enlarged. Also, so far nothing is known about
the defect density of the samples, which is necessary when introducing dopants. Among other
measurements, this will require extended electron microscope studies. However, thanks to
the promising results presented, this method will be examined and optimised further, thereby
leading to a better understanding of the intrinsic properties of the TMDCs.
One extrinsic effect that influences the optical and electronic properties of monolayer TMDCs
is their dielectric surrounding. By combining PES and DRS, it was shown that the exciton
binding energy and the electron band gap shrink for MoS2 and WSe2 when deposited on
gold as compared to sapphire. The exciton transition energy was further measured for three
other dielectric substrates. Only a slight red-shift in the transition energy was found. This
can be explained by an almost compensating reduction of the exciton binding energy and the
electron band gap as discussed in literature [14]. However, the value of the substrate dielectric
function, especially when considering its energy dependence, is still under debate [120]. The
PES and DRS studies presented here serve as a step towards a more thorough understanding
of the influence of the dielectric surrounding when combined with theory in the future. This
understanding opens up the possibility of band gap engineering of TMDCs solely through
their dielectric surrounding. For example, by varying the in-plane band gap energy through
systematically tailoring the dielectric substrate.
Organic molecules in a hybrid system represent another extrinsic effect influencing TMDC
properties. The charge transfer route was followed in this case, as compared to FRET in
the InGaN/Cn-ether PPV system. For this, MoS2/H2Pc heterostructures were investigated
by PL, PES and PAS. A type II energy level was found to promote excited state electron
transfer from H2Pc to MoS2. Charge transfer was manifested by a shortening of the decay
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time. A transfer efficiency of 85 % was found in agreement with fast charge transfer reported
in literature [18, 19]. The experimentally determined energy level alignment in the presented
case made it more over possible to determine the CB-HOMO energy offset to be 1.2 eV. This
value is much lower than what was assigned to be stemming from a CT exciton measured in
absorption [20]. Hence, the additional absorption feature, also seen in the presented case, is not
attributed to a CT exciton. It seems likely to be caused by a different stacking of the molecules
on H2Pc than on quartz. PAS further allowed to establish that transferred electrons are not
lost at the interface but can contribute to an enhanced photoconductivity. The absorption of
H2Pc spectrally extended the sensitivity of the hybrid photoconductor further in relation to
the MoS2-only device. The presented study helps to understand the processes at the hybrid
TMDC/H2Pc interface in particular, but also illustrates the use of hybrid TMDC/molecule
structures in a more general way.
The studies shown in this thesis exemplify how the combination of inorganic semiconduct-
ors with organic molecules can improve the functionality of either material type. This can
result in an improved light emission or an enhanced spectral sensitivity in optical sensors, as
demonstrated. Further steps towards an implementation for commercial devices are to better
understand the role of defects in the inorganic counterpart and to better control molecular
growth and orientation at the hybrid interface. Here, two-dimensional TMDCs have been
proven to be auspicious candidates for further studies. The monolayer growth of these ma-
terials keeps improving, which provides high quality templates for van-der Waals epitaxy with
organic molecules. Molecular orientation and stacking can differ from the growth on other
substrates, like quartz, due to a weak interaction. In order to study the processes at the hybrid
interface, a profound understanding of the influence of the underlying substrate is also needed.
This could be achieved, for example, by decoupling the TMDC from the substrate through few
layers of the insulating and pristine material h-BN. Another possibility would be to transfer
the TMDCs on prefabricated molecular layers. The molecular layer can then also be used for
shaping the energetic landscape of the TMDCs. This can either be done by introducing altern-
ating donor and acceptor molecules to induce doping or by varying the dielectric surrounding
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